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Abstract 

Interest in hydrogen production is growing. This stems not only from the expectation that 
hydrogen is the energy vector of tomorrow but also from the increase demand for hydrogen as 
a feedstock for the industry. Indeed, booming energy needs and concerns about conventional 
energy sources and their effect on the environment are pushing for search for a new energy 
sources. By its clean and sustainable character and its versatility in use, hydrogen is considered 
as the best contender. Moreover, there is a big demand for hydrogen in the industry. This 
demand is fueled by the stringent regulations in oil refinery and the increase demand for 
industrial glass among others. There are different processes for hydrogen production and 
different sources of energy could be used to drive these processes. These sources of energy 
could be conventional, i.e. hydrocarbon-based, nuclear or renewable. However, a hydrogen 
production technique would not insure its market penetration unless it succeeds in securing the 
consumers acceptance, in implementing the distribution infrastructure and in insuring its 
economic competitiveness. The present work deals with the last point, i.e. the economic 
competitiveness of hydrogen. In the present study, the cases of solar-based and nuclear-based 
hydrogen production processes are considered. For the nuclear-based hydrogen production 
case, different reactors for energy production and different processes are considered. Generic 
cases as well as country-based cases are treated. For the reactor technologies, there is the 
advanced pressurized water reactor (APWR), the high temperature reactor (HTR), the high 
temperature gas cooled reactor (HTGR) the high temperature reactor pebble bed (HTR-PB) and 
the CANDU reactor. For the processes, there are the conventional electrolysis process, the high 
temperature steam electrolysis process, the steam–methane reforming and the thermochemical 
processes namely, the sulfur–iodine process, the hybrid sulfur cycle, the 3-step cycle and the 5-
step cycle. For the solar-based hydrogen production case, the cases of solar concentration 
techniques, particularly for producing the energy necessary to drive the hydrogen production 
process are considered. These cases are capable, as it is in the nuclear case, to produce both 
electricity and heat. The study is limited to the cases of parabolic trough power plant electrolysis 
and concentrating photovoltaic (CPV) electrolysis systems. The effect on the hydrogen 
production cost of different factors, such the concentration factor, the temperature of 
electrolysis and the efficiency of the solar cells are investigated. The aim, through the nuclear-
based hydrogen production techniques, is to carry out HEEP benchmark exercise analysis to 
check these software capabilities for each type of process. The solar-based hydrogen production 
techniques provide a way of comparison with the HEEP results. But the final goal is to enhance 
HEEP and to broaden its capabilities by including in it a solar component. Our results indicate 
that HEEP is a versatile tool for techno-economic study of hydrogen production. The results 
indicate also that the nuclear-based hydrogen production techniques are economically more 
competitive than the CPV electrolysis process for low solar concentration. However, the 
situation is reversed as the solar concentration increases above 100. 
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1. INTRODUCTION 

The actual energy resources, namely hydrocarbons, have so far met satisfactorily the world 
energy needs. However, there is a worldwide concern about these energy resources. This is due 
first to their limited nature. To sustain the world economy and to meet the needs of the growing 
population, there is an exploding demand for energy. This is putting the actual energy reserves 
under stress with the risk of shortage and depletion becoming a reality in the not too far future. 
It has been argued that resorting to energy intensity and energy saving would not solve the 
problem [1, 2]. 

Concerns are also about the environment degradation resulting from the extraction, 
transformation, transport and use of the actual energy resources. Though, they have reduced the 
negative environmental impacts, international regulations and greenhouse gases capture and 
sequestration have not eliminated them [3, 4]. 

This has generated a keen interest in renewable energy. Their economic exploitation as an 
alternative source has been growing steadily over the last decades. They already represent 
13.5% of the total world energy mix [5]. 

 However renewable energy suffers from dilution, intermittence and site-specificity resulting in 
mismatch between energy demand and supply. Their storage using batteries has been judged 
unsuitable [6]. 

It is then essential to find an energy vector that is storable, transportable, versatile in its use and 
ecologically acceptable. 

Strong argumentations have been advanced in favor of hydrogen as the alternative energy 
vector [1]. Though suffering from some drawbacks, such as the storage issue, hydrogen is an 
attractive carbon free energy vector. It offers the storability and transportability qualities of the 
actual energy sources and the renewability and environmental friendliness of renewable energy. 
As a chemical feedstock or an energy vector, hydrogen can be used in different sectors, going 
from the transport and the power utility sectors to the household applications. 

However, many hurdles must be overcome before an effective adoption of hydrogen as 
alternative energy vector is possible. Besides the consumers ‘acceptance these hurdles are 
related mainly to the implementation of the hydrogen-dedicated infrastructure and the 
competiveness of hydrogen as an energy vector. The hydrogen infrastructure includes systems 
that can insure the production, the transportation, the storage and the distribution of hydrogen. 
Different technological options are possible. The infrastructure configurarion depends on the 
nature of the feedstock, the process and the energy used for the production, the transportation, 
the storage and the dispensing methods. 

Moreover, it has been maintained that the implementation of a hydrogen infrastructure, even 
highly efficient, is not sufficient by itself to insure the widespread use of hydrogen as energy. 
A prerequisite for hydrogen market penetration as an energy vector is its availability at a 
competitive price. 

Though an abundant element, hydrogen is found mainly combined with other elements such as 
oxygen in water and carbon in the hydrocarbon compounds. It is then necessary to produce it. 
To this end, there are various processes, feedstocks and energy sources and the number of 
techniques for production is significantly important [1, 2]. Some of these techniques, such as 
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steam reforming and water electrolysis, have reached the commercial maturity stage; while 
others are still at the experimental stage [3]. 

The energy necessary for hydrogen production can be conventional, nuclear or renewable, i.e. 
solar, wind, geothermal, etc. 

Fossil energies are the first to be used for hydrogen production. These energies could be used 
to furnish the raw material as well as the energy for the production of hydrogen. These 
techniques have reached the degrees of industrial maturity. Actually, they represent more than 
90% of the methods of industrial production of hydrogen. However, these techniques do not 
solve the problems arising particularly from the environmental pollution. It was proposed to 
solve this problem by resorting to the CO2 capture and sequestration technologies [4]. 

The production of hydrogen using energy of nuclear origin has been the subject of several 
studies [5, 6]. Nuclear technology makes it possible to produce hydrogen without greenhouse 
gases emission [7]. Different nuclear reactors technologies, such as high temperature gas cooled 
reactor (HTGR), can be coupled with hydrogen production units using either electrolysis at high 
temperature, thermochemical cycles or hybrid cycles. These nuclear reactors can provide the 
energy, under the form of heat or electricity or both, necessary to the production processes [8]. 

A hydrogen production system using nuclear energy usually includes a high temperature 
nuclear reactor, an intermediate heat exchanger, a power conversion system and a hydrogen 
production unit [9]. For the power conversion system, the Rankine steam cycle or the Brayton 
gas turbine cycle can be used [10]. The hydrogen production unit depends on the selected 
process. The processes are currently used: conventional electrolysis, high temperature steam 
electrolysis, thermochemical cycles, more particularly the thermochemical S–I cycle and hybrid 
cycles. The intermediate heat exchangers operate at very high temperature. Metallic heat 
exchangers, particularly those made of nickel based super alloys, must be used. 

Recent advances in reactor technology, more particularly the generation IV reactors, have 
pushed some country to engage in the development of nuclear hydrogen production programs 
using the fourth-generation nuclear reactors [11, 12]. Among the leading candidates, there is 
the very high temperature reactor (VHTR) that has efficiency in excess of 50% and heat in the 
temperature of 1000 °C [13, 14]. 

It is particularly in relation with renewable energy that the production of hydrogen can possibly 
help solve the problems arising from conventional energy use. The production of hydrogen is 
possible using any type of renewable energy [15]. However, except for biomass, all other 
sources of renewable energy provide only the energy necessary for the production of hydrogen. 
Renewable energy can be used practically with all the hydrogen production processes. 

It is important to note that wind as well as geothermal sources can play a double role. Wind can 
be used as an energy vector to supply power for water electrolysis as well as for pumping the 
water needed by the electrolyzer. In the same way, the geothermal sources can generate 
electricity as well as be a source of hot water for the electrolyzer. It has been shown that the 
more water is hot the more the electrolyzer efficiency is important [16]. 

The production of hydrogen using solar energy is the object of intense investigation [17, 18]. 
Indeed, from its availability, its renewable and free of any pollution character, solar hydrogen 
is considered as the solution to the energy problems. Solar radiation can be used as an energy 
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source for the decomposition of various raw materials, such as water and hydrocarbons to 
produce hydrogen. 

There are three different methods for solar hydrogen production from water. Solar radiation can 
be used directly to produce hydrogen through photo-conversion process. It can also be 
converted into electricity by photoelectric effect and the electrical energy used to produce 
hydrogen by electrolysis for example. Finally, solar radiation could be converted into heat, 
using for example concentrated solar system. The generated solar heat could be used to drive 
different hydrogen production processes such as electrolysis at high temperature or 
thermochemical cycles. Moreover there are techniques that combine the techniques of heat 
production and electricity production. Among these techniques that have received a lot of 
attention, there is the concentrating photovoltaic technology and the concentrating solar power 
technologies. 

In the present work, a techno-economic analysis of hydrogen production using processes driven 
by solar energy and nuclear energy is carried out. The scope is to assess the economical 
competitiveness of hydrogen production and delivery using these techniques. 

For the solar-based hydrogen production case, the cases of solar concentration techniques, 
particularly for producing the energy necessary to drive the hydrogen production process are 
considered. These cases are capable, as it is in the nuclear case, to produce both electricity and 
heat. The study is limited to the cases of parabolic trough power plant electrolysis and CPV 
electrolysis systems. A techno-economic study of the cost of hydrogen produced using these 
techniques is carried out. The effect of different parameters, such as the concentration factor, 
the efficiency of the solar cells and the temperature on the cost of hydrogen has been 
investigated. For this study, two sites have been chosen. One is situated in the Sahara desert 
while the other one is on the Mediterranean coast. This choice is dictated by the fact that these 
sites are characterized by different meteorological and solar radiation features. 

For the nuclear-based hydrogen production case, different reactor technologies for energy 
production and different processes for hydrogen production are considered. Generic cases as 
well as country-based cases are treated. For the reactor technologies, there is the advanced 
pressurized water reactor (APWR), the high temperature reactor (HTR), the high temperature 
gas cooled reactor (HTGR), the high temperature reactor pebble bed (HTR-PB) and the 
CANDU reactor. For the processes, are considered the most promising processes, namely the 
conventional electrolysis process, the high temperature steam electrolysis process, the steam–
methane reforming and the thermochemical processes namely, the sulfur–iodine process, the 
hybrid sulfur cycle, the 3-step cycle and the 5-step cycle. A techno-economic study is carried 
out using IAEA HEEP software. 

The main objective of this study is to carry out HEEP benchmark exercise analysis and to check 
these software capabilities for each type of process. The solar-based hydrogen production 
techniques provide a way of comparison with the HEEP results. The aim is also to carry an 
economic comparison between the solar-based hydrogen production techniques and the 
nuclear-based hydrogen production techniques. But the final goal is to enhance HEEP and to 
broaden its capabilities by including in it a solar component. 
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2. HYDROGEN PRODUCTION TECHNIQUES 

Though an abundant element, hydrogen can mainly be found combined with other elements 
such as oxygen in water and carbon in the hydrocarbon compounds. It is then necessary to 
produce hydrogen. To this end, there are various processes, feedstocks and energy sources and 
the number of techniques is significantly important [7]. Some of these techniques, such as steam 
reforming and water electrolysis, have reached commercial maturity; while others are still at 
the experimental stage [9]. 

Natural gas reforming is the widely used technique. However, it is a very polluting non-
sustainable process. Solar gas reforming, where solar energy is used as the energy source, has 
attracted attention as an intermediary step towards the hydrogen economy [24, 25]. 

Besides gas reforming, water electrolysis is the most developed process for hydrogen 
production. In this case, electricity is used to dissociate the water molecule. The efficiency of 
the electrolysis process is usually high. 

Assessment of using sustainable feedstocks has been carried out. Water and biomass are the 
most important renewable feedstocks. Biomass includes waste biomass as well as dedicated 
crops. The production of hydrogen from biomass is attracting a lot of attention [19]. Water 
biophotolysis by algae or microorganism, organic compounds decomposition by photosynthetic 
bacteria and organic compounds degradation by fermentation are the main biological 
techniques for hydrogen production [26]. Pyrolysis, hydrothermal liquefaction and more 
particularly gasification are the most important thermochemical techniques [19]. Though these 
techniques offer real possibilities, they suffer from low efficiency and the problem of separation 
and purification of gases. 

Hydrogen can be produced using water through electrolysis or thermal process methods. 

In the thermal process, heat is also used to dissociate water in order to produce hydrogen. 
Thermolysis, thermochemical cycles and electrolysis at high temperature are the most 
important thermal processes. Unlike thermolysis that requires very high temperature, 
thermochemical cycles are based on a series of reactions at lower temperature. Electrolysis at 
high temperature uses both electrical energy and heat. This method offers flexibility in 
electricity and heat generation. They could be produced by a nuclear reactor or a solar 
concentration system. In the case of solar systems, electricity could be directly produced as is 
the case of concentrating photovoltaic systems or produced from the heat generated by the 
concentrating system as in the case of the conventional concentrating solar power (CSP) 
technologies [27, 28]. 

3. SOLAR-BASED HYDROGEN 

3.1. Solar hydrogen production systems 

The system for hydrogen production considered in this present work is a solar concentrating 
unit electrolysis system. The main components of this system are the electrolysis unit and the 
solar concentrating unit for the generation of electricity and heat and an electrolysis unit for the 
electrolysis of water. For the solar concentrating unit, two different cases are considered namely 
a CPV photovoltaic unit and a hybrid gas–solar parabolic trough power plant. 
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Besides these units, the system includes the auxiliary unit such as the control and regulation 
unit, the tracking system, the water supply and treatment unit, the heat exchanger unit and the 
produced gas separation unit. 

Solar radiation intensity as well as its annual distribution are important factors in the 
determination of the system potential in hydrogen production. In the present study, 
meteorological as well as radiation data [29] are used to evaluate the solar radiation energy 
incident on the solar concentration reflectors. The beam radiation Hb and the diffuse radiation 
Hd incident on the reflectors are determined using the models found in the literature for the one 
axis. For the CSP unit and the two-axis tracking for the CPV unit [30, 31]. 

The effect of different parameters, such as the concentration factor and the temperature on the 
cost of hydrogen has been investigated. For the CPV case, the effect of the efficiency of the 
solar cells has also been studied. In order to investigate the effect of sites, two different locations 
have been chosen. One of the sites is Adrar which is located in the south. It enjoys one of the 
most important solar potential in Algeria. The water needed for hydrogen production could be 
taken from the Albian aquifer that is only few tens of meters from the surface in Adrar. The 
other site, Annaba, is located in north east Algeria on the Mediterranean Sea. The needed water 
could be taken from the sea or from ground water. These two sites are characterized by different 
climate conditions and different solar energy potentials. 

3.1.1. CSP unit 

The CSP electrolysis system is represented schematically in Fig. 1. The power generation unit 
is represented by the CSP unit. 

 

FIG. 1. CSP electrolysis system for hydrogen production. 

System description: 

The system includes a hybrid solar gas thermal power plant for electricity and thermal energy 
generation and an electrolyzer for hydrogen production. 

An AC/DC converter is used to convert the AC current produced by the thermal power plant 
into the DC current needed by the electrolyzer. 

The hybrid solar gas thermal power plant includes a fuel firing unit, a solar unit and a 
thermodynamics bloc [32–34]. The solar technology for solar radiation concentration and 
conversion is that of the parabolic trough technology. Widely tested, this technology is 
considered as a mature technology. 
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An assessment of hydrogen production using this process requires an economical study of these 
different parts [35–36]. 

Solar field unit: 

The solar field unit includes the single-axis tracking concentrating solar reflectors, the receiver, 
the sun tracker and eventually a storage system. The concentrating solar reflectors are arranged 
in a solar filed consisting of solar reflector parallel rows oriented north–south. The 
concentrating solar reflector, typically glass mirror of linear parabolic shape, focuses the sun 
direct beam on the receiver. The receiver, an absorber tube, is placed at the focal line of the 
solar reflector. A heat transfer fluid, flowing through the receiver, collects the generated solar 
heat and transfer it either to thermodynamic bloc for steam generation or to a storage system 
for a later use. 

The solar unit performance is characterized mainly by the solar field thermal delivery efficiency 
and the solar to electricity efficiency. The size of the solar reflector field depends on the solar 
nominal power, the solar capacity factor, the solar to electricity efficiency and of course of the 
direct normal irradiance. 

The solar field thermal delivery efficiency ηSFE gives the fraction of the incident solar radiation 
that has been converted to usable heat by the solar unit. This efficiency consists of an optical 
efficiency and a thermal efficiency. 

The optical efficiency is position-related optical efficiency ηAM and sky and solar reflector 
related efficiency ηop. The position-related optical efficiency is related to incident angle effects, 
collector tracking error and twist, geometric accuracy of the mirrors to focus light on the 
receiver, shadowing of the receiver, transmittance of the receiver glass envelope, end losses and 
row-to-row shadowing. The sky and solar reflector related efficiency is related to mirror 
reflectivity, transmittance of the receiver glass envelope and cleanliness of the mirrors and of 
the glass envelope. 

Thermal efficiency is related to the receiver thermal efficiency ηRT, the piping thermal 
efficiency ηPL and the low insolation efficiency ηOL. The receiver thermal efficiency is highly 
affected by the convection and radiation losses from the receiver tube and by the conduction 
losses through the ends and supports. The piping efficiency is affected by the pipes area and the 
temperature of the heat transfer fluid circulating in the pipes. 

The solar field thermal delivery efficiency depends also on the solar field availability ηSA. It 
can be expressed by: 

η = 𝜂  ×  𝜂  ×  𝜂  ×  𝜂  ×  𝜂  ×  𝜂              

 

Typical values of the different efficiencies are reported in Table 1 [37–39]. 
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TABLE 1. SOLAR FIELD CHARACTERISTICS 

Parameters Values (%) 

Reflector shape Parabolic trough 

Incident angle efficiency 87.5 

Optical efficiency 75 

Receiver thermal efficiency 73 

Solar field availability 99 

Piping thermal losses 96.5 

Low insolation losses 99.6 

The solar to electricity efficiency: It expresses the fraction of the incident solar irradiance that 
has been converted to electricity. Besides the power plant availability ηA, it depends on the solar 
field thermal delivery efficiency ηSFE, the thermal to power plant efficiency ηTPPE, the gross 
steam cycle efficiency ηSC and the parasitic efficiency ηP. 

The thermal to power plant efficiency accounts for start up and shut down losses. The gross 
steam cycle efficiency is the fraction of the solar thermal energy that is converted to electrical 
energy. Power plant availability is related to reduction in solar energy as a result of outage or 
derating. 

The parasitic efficiency accounts for the fraction of the generated power that is consumed by 
the auxiliaries. The main loads are the pumps for the heat transfer fluid, the feed water and the 
cooling water, the tower fans. They are also equipments and instrumentation for measurements, 
control and lighting. Finally, the solar reflector field needs power for its drives. 

The annual solar to electricity efficiency can be expressed by: 

ηS-E = ηSFE × ηTPPE × ηSC × ηP x ηA           

Typical values of the different efficiencies are reported in Table 2 [37–39]. 

TABLE 2. SOLAR FIELD ELECTRICITY PRODUCTION CHARACTERISTICS 

Parameters Values (%) 

Thermal to power plant efficiency 95 

Gross steam cycle efficiency 37.5 

Parasitics (1% auxiliary power consumed by plant) 85 

Plant availability 98 

Solar capacity factor 25 
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3.1.2. CPV unit 

The CPV electrolysis system is represented in Fig. 2. The concentrating photovoltaic unit 
includes mainly the concentrating photovoltaic system for the concentration, collection and 
conversion of the solar radiation into the electrical and thermal energies. It also includes a two-
axis sun tracking system and a power conditioning system for shaping and conditioning the 
photovoltaic power output. 

 

FIG. 2. CPV electrolyzer system for hydrogen production. 

 

The system, equipped with a two-axis tracking system, has photovoltaic modules placed at the 
focal line of the reflector system. Two cases have been studied. The first case concerns high 
efficiency silicon cells with nominal efficiency varying between 14% and 26%. The second 
case deals with multi-junction solar cells with nominal efficiency of 35% but with water 
temperature varying between 200 °C and 1000 °C. The efficiency of the power conditioning 
system is taken of the order of 85% [40]. 

The concentration type considered is of the reflective type, i.e. we are dealing with mirrors for 
sun rays reflection and concentration. 

The characteristics of the CPV system are reported in Table 3. 

The electrical energy produced by the photovoltaic module per unit cell area is given by [41, 
42]: 

𝐸 = 𝜂 𝜂 𝜂 (𝐶𝐻 + 𝐻 )  

where Hb and Hd are the beam radiation and the diffuse radiation incident on the reflector, 
respectively. C is the concentration factor. ηop, of the order of 0.90, is the optical efficiency. 
The module efficiency, ηmod, represents the losses in the regulation and the tracking systems 
and losses due to imperfection in the photovoltaic module such as the filling factor, soiling. The 
module efficiency value is about 85% of that of the solar cell. The cell efficiency, ηcell, depends 
on the temperature and is related to the nominal efficiency ηref by the relation: 

𝜂 = 𝜂 1 − 𝛽 𝑇 − 𝑇   
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TABLE 3. CHARACTERISTICS OF THE SOLAR SYSTEM 

Parameters Values (%) 
Optical efficiency 90 
Common cell efficiency 14 – 20 
Module efficiency 0.85 × cell efficiency 
BOS efficiency 85 
Electrolyzer efficiency 85 
Temperature effect 75 

 

3.1.3. Water electrolysis unit 

The most important component of the electrolyzer unit is the electrolysis cells rack. 

Theoretically, the energy required for water electrolysis is given by the change in the enthalpy 
ΔH of the following reaction: 

H2O → H2 (g) + ½O2 (g) 

 The change of enthalpy of this reaction is given by: 

ΔH = ΔG + T∙ΔS 

The electrical energy needed for water electrolysis is linked to the change in Gibbs free energy 
ΔG, while the thermal energy is linked to T∙ΔS. 

The energy needed for the electrolysis of water is then supplied under two different forms: an 
electrical energy form and a thermal energy form. As the reaction enthalpy varies very slowly 
with temperature, an increase in temperature results in decrease in the change in Gibbs free 
energy. This leads then to a decrease in the proportion of electrical energy. 

To evaluate the enthalpy of the reaction ΔH, first the change in the enthalpy ΔHi and entropy 
ΔSi the individual species entered in the reaction are estimated using the following relations 
[43]: 

∆𝐻 = ∆𝐻 , + ∫ 𝐶 𝑑𝑇  

∆𝑆 = ∆𝑆 , + ∫ 𝑑𝑇  

where Cpi is the specific heat at constant pressure of species i. Cpi is usually expressed in the 
form:  

𝐶 = 𝑎 + 𝑎 𝑇 + 𝑎 𝑇 + 𝑎 𝑇 + 𝑎 𝑇   

The values aoi, a1i, a2i, a3i, a4i, ΔHoi and ΔSoi can be found in the literature [43]. The entropy of 
formation as well as Gibbs free energy can then be evaluated using the following equation [43, 
44]: 

𝛥𝐻 = 𝛥𝐻 + 𝛥𝐻 − 𝛥𝐻   



 

11 

 

𝛥𝑆 = 𝛥𝑆 + 𝛥𝑆 − 𝛥𝑆   

𝛥𝐺 = 𝛥𝐻 − 𝛥𝑆  

To express the relative contribution of electricity and of heat to the total energy required for 
water electrolysis, the variations of ΔG/ΔH and T∙ΔS/ΔH as function of temperature are 
reported in Fig. 3. 

 

FIG. 3. Evolution of the ratios ΔG/ΔH and T∙ΔS/ΔH with temperature. 

 The graph shows that T∙ΔS/ΔH varies from 7% at 100 °C to about 29% at 1000 °C. On the 
other hand, ΔG/ΔH varies from 93% at 100 °C to about 71% at 1000 °C. The fraction of thermal 
energy in the total energy required for electrolysis is thermodynamically determined. It depends 
on T, ΔS and ΔG [21, 45]. 

The operating voltage of the electrolyzer is given by [45]: 

𝑉 =
∆

η
  

where ηe is the electrolyzer efficiency and F is the Faraday’s constant. The overall efficiency 
of the electrolysis is given by [28, 46]: 

𝜂 =
∆

η η
∆ ∆

  

where HHV is the high heating value of hydrogen, ηel, ηe, and ηth are the electrical, the 
electrolyzer and the thermal efficiencies, respectively. 

3.2. Solar hydrogen economy 

The cost of hydrogen production could be divided into the cost of the electricity production 
system and the cost of the electrolysis unit. The cost of the electricity production is related to 
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the cost of the solar energy generation unit, i.e. either the CSP unit or the CPV unit. The cost 
of electrolysis is related to the hydrogen generation unit. The operational and maintenance cost 
and other related costs are also included in each case. 

Previous studies have shown that the capital costs depend on the size of production and on the 
technology maturity [46, 47]. 

3.2.1. CSP energy generation cost 

The cost of energy generation cost is equal to the solar unit cost, the fuel unit, the 
thermodynamic bloc unit and the regulation unit. 

Solar unit capital cost: 

The capital cost of the solar unit is related to the capital costs of its different components, i.e. 
the reflector capital cost Cm, the receiver capital cost Cr, the concentrator structure cost Ccs, the 
tracking system capital cost CD and the interconnecting pipes capital cost CIP. The capital costs 
of the other components such as the capital cost of the electronic components, the foundation 
and the cost of the land are included the others capital cost CO. 

The capital cost of the solar unit Csol can be expressed by: 

PN

ACCCCCC
C OIPCSDrm

sol



)(

   

where A is the solar reflector total area and PN is the power plant nominal power. 

 

Typical values of the capital cost of different components are reported in Table 4 [48–51]. 

 

TABLE 4. SOLAR UNIT ECONOMICS 

Components Capital cost ($/m2) 
Reflector 40 
Receiver capital cost 43 
Concentrator (structure + erection) 61 
Tracking system 13 
Interconnecting & header pipes 17 
Others 60 

 

Fuel unit: 

The fuel unit is a fossil-fired heater that supplies the thermal energy so that the system can 
operate at full load. The fraction of thermal heat provided by the fuel unit depends on the 
capacity of the solar resources to meet its required load. In the present study, the fuel used is 
gas. Different solar loads are considered. This allows the assessment of the amount of reduction 
in CO2 emission. The effect of replacement of fuel by solar energy on the economy of energy 
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production is estimated in the case where there is credit for reduction in CO2 emission, an 
evaluation on the reduction. 

 

Typical characteristics of a fuel unit are reported in Table 5 [48–51]. 

TABLE 5. CHARACTERISTICS OF THE FUEL UNIT 

Parameters Values 

Nature of fuel Natural gas 

Thermal efficiency of fuel burner 31% 

Fuel unit capital cost 367 $/kW 

Fuel cost 0.35 $/kg-fuel 

CO2 emission rate 2.9 kg CO2/kg-fuel 

CO2 price 16.8 $/tonne-CO2 

 

 

Thermodynamic block: 

The thermodynamic block includes the steam generator and the electric power generating 
system. Moreover it includes the balance of the system and the struture. The capital cost of the 
thermodynamic block CTU is the sum of the structure cost Cst, the steam generator CSG, the 
electric power generating system CEPG and the balance of system (BOS) CBOS. It is given by: 

BOSEPGSGstTU CCCCC   

Typical characteristics of the thermodynamic block are given in Table 6 [48–51]. 

 

TABLE 6. CHARACTERISTICS OF THE THERMODYNAMIC BLOCK 

Components Capital cost ($/kW) 

Structure 73 

Steam generator 100 

Electric power generating system 367 

Balance of system 213 
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Economics of the hybrid solar power plant: 

Capital cost: 

The capital cost of the hybrid solar gas power plant is the sum of the capital costs of the different 
units of the power plant, i.e. the capital cost of the solar unit Csol, the capital cost of the fuel unit 
Cf and the capital cost of the thermodynamic unit CTU. It is given by: 

solTUfP CCCC   

Operation and maintenance cost: it is assumed that the operation and maintenance cost of each 
unit is a fraction of the capital cost of that unit. The operation and maintenance cost of the 
hybrid solar gas power plant is then given by: 

solsolTUTUffOM CkCkCkC   

Typical values for kTU, ksol and kf are given in Table 7 [49]. 

TABLE 7. O&M PARAMETERS 

Parameter Symbol Value (%) 

O&M factor for fuel unit kf 5 

O&M factor for thermodynamic unit kTU 2 

O&M factor for solar unit ksol 2 

 

Cost of electricity production: 

The cost of electricity production is then given by: 

out
TUTUffsolsole E

FC
CkCk

PN

SP
Ck

CFP

K
C 


 ])1()1()1[(

8760
 

where K is given by 

fECRFeK   

and CRFe by 

Ni

i
CRFe 


)1(1

 

where CFP is the power plant capacity factor; FC is the fuel cost; Eout is the net yearly electricity 
production; Ef is the sum of other economic factors such as the insurance, the taxes, etc.; I is 
the discout rate; and N is the equipment lifetime. 
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Typical economic parameters are listed in Table 8. 

TABLE 8. FISCAL PARAMETERS 

Parameter Value 

Taxes 0. 015 

Indirect cost 0.025 

Insurance 0.0025 

Discount rate 0.061 

Inflation rate 0.007 

 

3.2.2. Cost of CPV electricity generation 

The cost of electricity generation includes the solar cell capital cost Ccel, the PV capital cost 
Cmod, the cost of the balance of system (CBOS) CBOS and the operational and maintenance costs 
and related costs COM. Moreover, a capital cost CBP has been added for the power related to the 
balance of system. It should be noted that the balance of system includes all the part of the PV 
system except the PV modules. In addition to the electricity generation system, the cost of the 
tracking system Ctr must be added. Different values for these costs have been proposed for this 
system. In the present work, the costs of the tracking system Ctr, the balance of system CBOS 
and the capital module Cmod are taken to be respectively 159 $/m2, 114 $/m2 and 290 $/m2. 
Concerning the cost of solar cells, it depends on the technology. Different costs have been 
reported in the literature. These costs are affected not only by local policies but also by learning 
curve effect. For the advanced silicon solar cells, a cost of 17 500 $/m2 have been used. On the 
other hand, a cost of 105 $/m2 has been retained for the state of the art multi-junction GaAs 
solar cells. Indications [52] are that these costs are falling under the double effects of learning 
curves and the scaling factor. 

 The values of the optical efficiency ηop and of the balance of system ηBOS are taken to be 0.90 
and 0.85, respectively. 

The cost of the electricity generation is estimated using the following relation [53]: 

C =
K C + C + C +

C
C + C I η η η + C

31.536H η η η η
 

ηT includes the meteorological effect on the PV module characteristics. Ip is equal to 1 kW/m2 
and represents the solar irradiance at the standard test conditions. ηe is the electrolyzer 
efficiency. C is the concentration factor. 

K is a factor related to economic parameters such as the discount rate, the taxes, the insurances, 
the indirect cost and the PV system lifetime. The lifetime of the PV panels is assumed to be 30 
years. The value of the factor K has been estimated to be 0.096. 
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The most important parameters are reported in Table 9. 

TABLE 9. PV CHARACTERISTICS 

Factor Value 

BOS area cost 114 $/m2 

BOS power cost 1.61 $/Wp 

Tracking cost 159 $/m2 

Module cost 290 $/m2 

Common cells cost 17 500 $/m2 

Multi-junction cell cost 105 $/m2 

O&M cost 2% of capital cost 

PV lifetime 30 years 

 

3.2.3 Cost of electrolysis. 

Different models have been suggested for the assessment of the electrolyzer system cost [54, 
55]. In the model used in the present work, the electrolyzer system cost depends [56] on the 
electrolyzer capital cost Cem, the operating current io and the rated current ir. 

𝐶 =
KelC

31.536𝜂 𝜂 𝐶𝐹
f(f , f , i , i ) 

f1 is the fraction of the electrolyzer equipment cost that does not depend on the electrolyzer 
operating and rated current densities i and ir. f2 is the fraction of the associated costs, i.e. 
installation, start up, etc. that is function of the electrolyzer capital cost. ηr and η0 are the rated 
voltage efficiency and the coupling efficiency, respectively. CF is the capacity factor. For an 
alkaline or an SPE electrolyzer, f(f1, f2, io, ir) takes the form: 

𝑓 f , 𝑓 ,, 𝑖 , 𝑖 = (1 − 𝑓 )
𝑖

𝑖
+ 𝑓 +

f

2
(1 +

𝑖

𝑖
) 

The parameters f1 and f2, and the operating and rated currents values depend on the nature of 
the electrolyzer technology. Values for these parameters are reported in the literature [57]. 

Presently the electrolyzer technology under consideration in conjunction with advanced silicon 
solar cells is that of the unipolar type. Its characteristics could be found in the literature [53]. 
The rated and operating currents are taken to be 134 and 268 mA/cm2 respectively. 

Kel is a factor related to the operation and maintenance cost and to economic parameters such 
as the discount rate, taxes, insurances and electrolyzer system lifetime. With the electrolyzer 
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lifetime of 20 years a value of 0.128 is found for Kel. The electrolysis system unit capital cost 
is taken as 800 $/m2 for the case of high concentration system and 425 $/m2 for the other case. 

The other parameters are reported in Table 10. 

 

TABLE 10. CHARACTERISTICS OF THE ELECTROLYSIS SYSTEM 

Factor Value 

Coupling efficiency 0.85 

Lifetime 20 years 

Rated current 134 mA/cm2 

Rated voltage 1.74 V 

Operating current 268 mA/cm2 

Capital cost 800 $/m2 

 

 

3.3. Results 

3.3.1. CSP electrolysis system 

In the present study for the Hybrid solar thermal power plant electrolyzer system, the different 
costs have been estimated in both in the case where the CO2 reduction credit is allocated and 
the case where CO2 reduction credit is not allocated. 

Relative cost of solar electricity production: In the present work, the relative cost of solar 
electricity production has been defined as the ratio of cost of the solar electricity cost to total 
cost of electricity production. The results are reported in Fig. 4. 

From this figure, it can be seen that there is a decrease in the fractional solar electricity cost 
with an increase in DNI and a decrease in solar fraction. 

The solar production of electricity remains high. At the actual state of technology, the use of 
solar energy does not reduce the cost of electricity production. It does not offset the cost of the 
saved fuel. 

Cost of hydrogen production: The cost of hydrogen production is reported in Fig. 5 as function 
of the yearly direct normal solar irradiance of the site where the solar power plant. The solar 
fraction is varied from 40% to 90%. 
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FIG. 4. Evolution of the fraction of solar electricity cost as function of the yearly direct normal 
irradiance of the site. 

 

The cost of hydrogen production is relatively high at low direct normal solar irradiance and 
high solar fraction. However, this cost drops very fast as the direct normal solar irradiance 
increases. At low direct normal solar irradiance, it decreases also with decreasing solar fraction 
indicating that the introduction of solar does not make the production of hydrogen more 
competitive. However, at high direct normal solar irradiance, the cost of hydrogen is lower and 
it is practically independent of the solar fraction. The benefit in this case is a saving in gas. The 
benefit is also a sizable reduction in CO2 emission thus a better protection of the environment. 

 

FIG. 5. Evolution of hydrogen production with the yearly direct normal solar irradiance at 
different solar fractions. 

 

The fractional cost of hydrogen production at different direct normal solar irradiances is 
reported in Fig. 6. 
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FIG. 6. Fractional cost of hydrogen production. 

 

An analysis of this figure shows that the cost of hydrogen production in this case is dominated 
by the cost of electricity production. This fraction goes from 87% at low direct normal solar 
irradiance to 84% at high direct normal solar irradiance for a solar fraction of 90%. 

Now, the concentrating solar reflector size is analysed. Figure 7 shows the evolution of this size 
with the direct normal solar irradiance. 

 

FIG. 7. Evolution of the solar reflector size as function of the direct normal solar irradiance at 
different solar fractions. (a) total area, (b) specific area. 
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It is clear that the specific depends strongly on the incident direct normal solar irradiance and 
on the solar fraction. There is a decrease in specific area with an increase in direct normal solar 
irradiance and decrease in solar fraction. 

In Fig. 8, the evolution of the specific fuel consumption and the specific reduction in CO2 
emission with solar fraction are reported. 

 

 

FIG. 8. Evolution of specific fuel consuption and specific reduction in CO2 emission with solar 
fraction. 

 

From the figure, it can be seen that the specific fuel consumption increases with increasing solar 
fraction. This indicates that the introduction of solar energy does not improve the system 
efficiency. 

However, the specific reduction in CO2 emission decreases with increasing solar fraction. This 
clearly shows that, though not economically improving the production process, the introduction 
of solar energy makes it more benign to the environment. 

Finally, the cost of hydrogen production is estimated for two different sites in Algeria. These 
sites are Adrar which is located in the Sahara desert and Annaba which is located in located on 
the south west rim of Mediterranean coast. Adrar is characterized by a higher direct normal 
solar irradiance and harsher climate conditions. 

Figure 9 shows the evolution of hydrogen production cost with solar fraction for the two sites 
under consideration. 
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FIG. 9. Variation of hydrogen production as function of solar fraction for the sites of Annaba 
and Adrar. 

 

 

The figure clearly shows that hydrogen production cost is lower in Adrar. It can also be deduced 
from the figure that hydrogen production is the lowest for a fraction solar of about 40% for the 
site of Annaba while it is around 50% for the site of Adrar. Morover, the hydrogen production 
cost increases with increasing solar fraction. However, the rate of increase is much lower for 
the site of Adrar than it is for the site of Annaba. This indicates that this technique of hydrogen 
production is more suitable for the site of Adrar. This could possibly slightly reduce the cost 
and greatly reduce the environmental problem of pollution. 

 

3.3.2. Solar hydrogen production cost: Case of CPV electrolysis system 

Hydrogen production cost assessment: 

First, we consider the cost of hydrogen production in the case where the CPV modules are made 
of standard silicon cells. The fractional costs are also estimated for different value of the direct 
normal irradiance and for different solar concentration ratio. 

The effects of efficiency and solar concentration on the hydrogen production cost are reported 
in Fig. 10 for the case of Annaba, a North Algeria site and in Fig. 11 for the case of Adrar, a 
South Algeria site. 
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FIG. 10. Hydrogen production cost in Northern Algeria. 

 

FIG. 11. Hydrogen production cost in Southern Algeria. 

 

For the very low concentration, the costs are high. Low concentration is then not recommended. 
It does not introduce any real cost reduction over the common electrolysis. 

Concerning the effect of solar concentration, it can be seen from the two figures that there is a 
fast drop in the production cost with an increase in solar concentration. For the site of Annaba 
and for an efficiency of 14%, there is a drop of about 674% when the solar concentration goes 
from 10 to 100. Under the same conditions, this drop is about 669% for the site of Adrar. With 
a solar concentration going from 10 to 100 and an efficiency of 20%, the drops for the sites of 
Annaba and Adrar are respectively 519% and 518%. 

Concerning the effect of efficiency, it can be seen that there is a drop-in hydrogen cost with 
increase in efficiency. However, this increase becomes negligible at higher concentration. For 
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the site of Annaba and for an increase in the efficiency from 14% to 20%, the drop-in hydrogen 
production is about 35% for a solar concentration of 10 and only about 8% for a solar 
concentration of 100. For the site of Adrar, the drops are about the same order of magnitude are 
those of the site of Annaba. 

The hydrogen fractional costs are reported in Fig. 12 for the site of Annaba and in Fig. 13 for 
the site of Adrar. The hydrogen fractional costs are the fractional cost of CPV system and the 
fractional cost of the electrolyzer system. By fractional cost of CPV system, it is meant the ratio 
of the CPV system related cost to the total hydrogen production cost. By fractional cost of 
electrolyzer system, it is meant the ratio of the electrolyzer system related cost to the total 
hydrogen production cost. The total hydrogen production cost is, of course, the sum of the CPV 
system related cost and the electrolyzer system cost. 

From the figures, it can be seen that at low concentration, the cost of hydrogen production is 
dominated by the CPV system related cost. The CPV system related cost represents about 91% 
of the total hydrogen production cost in the case where the PV module efficient is 14%. For a 
PV module efficient of 20%. The CPV system related cost drops slightly to about 87.5% of the 
total hydrogen production cost. However, as the solar concentration increases, the fractional of 
the CPV system related cost drops. For a PV module efficiency of 14% and high solar 
concentration, the CPV system related cost represents about 29% of the total cost of hydrogen 
production, meaning that the electrolyzer system related cost is about 71%. For a PV module 
efficiency of 20%, the CPV system related cost represents about 23% of the total cost of 
hydrogen production, meaning that the electrolyzer system related cost is about 77%. 

 

 

 

FIG. 12. Hydrogen fractional costs in Northern Algeria. 
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FIG. 13. Hydrogen fractional costs in Southern Algeria. 

 

In conclusion an increase in solar concentration leads to a drastic drop in the CPV system related 
cost and by that an overall drop in hydrogen production cost. 

In order to estimate the effect of solar irradiance on the hydrogen production cost, we have 
compared in Fig. 14 and Fig. 15, the cost of production cost in Annaba and in Adrar for a PV 
module efficiency of 14% and 20%. 

 

 

FIG. 14. Hydrogen production costs for two different sites in Algeria with 14% PV efficiency. 
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FIG. 15. Hydrogen production costs for two different sites in Algeria with 20% PV efficiency. 

 

From Fig.14 and Fig. 15, it can be seen that the cost of hydrogen production for a given PV 
module efficiency and a given solar concentration is lower at Southern Algeria. This is due to 
the higher direct normal irradiance in the south. The cost in the southern site is about 73.5% 
lower than the cost of hydrogen production in the northern site. It should though be noted that 
as the solar concentration goes up, the difference between the hydrogen production costs goes 
down. 

The fractional costs of hydrogen production are compared in Fig. 16 and Fig. 17. 

 

FIG. 16. Hydrogen fractional costs in two different sites for a PV efficiency of 14%. 
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FIG. 17. Hydrogen fractional costs in two different sites for a PV efficiency of 20%. 

 

From the above figures, it can be seen that at low and very low solar concentration, the CPV 
system related cost is more important in the northern site than in the southern site. This is due 
to the fact that the direct normal irradiance is smaller in the north than in the south. However, 
it can be noticed that with the increase in solar concentration the difference in CPV system 
related costs gets smaller and would eventually gets to zero at high solar concentration. 

Cost of hydrogen: parametric study: 

In the present study, the evolution of solar hydrogen production cost is estimated for different 
value of the PV cell efficiency, the electrolysis water temperature and for different values of 
the solar concentration. For the PV cell, different technologies have been considered. 

Case of medium concentrating photovoltaic system: in this case advanced silicon solar cells are 
used. Figure 18 shows the evolution of the cost of hydrogen with the concentration factor for 
different values of the PV cell efficiency. From this figure, it can be seen that there is a fast 
drop in hydrogen cost with an increase in concentration factor. However, this decrease in 
hydrogen cost levels off. At high values of the concentration factor, concentration and even PV 
cell efficiency do affect the cost only marginally. 

A study of the effect of the solar cell capital cost on the overall cost of hydrogen has been 
carried out. It has been found that at high concentration, its effect is small. 

Figure 19 shows the evolution of the cost of hydrogen with the solar efficiency for different 
values of the concentration factor in the sites of Annaba and Adrar. At low concentration, there 
is a decrease in hydrogen cost with increase in solar cell efficiency. However, this drop in 
hydrogen cost levels off as the concentration factor gets larger. 

Figure 20 represents the evolution of the cost of hydrogen produced in Adrar to the cost of 
hydrogen produced in Annaba. 
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FIG. 18. Evolution of hydrogen cost with the concentration factor for different values of the PV 
cell efficiency. (a) Annaba, (b) Adrar. 

 

FIG. 19. Evolution of hydrogen cost with PV cell efficiency for different values of the concentration 
factor in Adrar. 

 

It can clearly be seen from the figure that the cost of hydrogen is more important in the case of 
production in Annaba than in the case of production in Adrar. This could be explained by the 
more important solar irradiance in Adrar. The value of solar irradiance in Adrar far exceeds the 
recommended value for viable installation of concentrating systems. 

Case of a high concentrating photovoltaic system: 

In this case multi-junction solar cells are used. Part of the solar spectrum is used to heat water 
for the high temperature electrolyzer. As the concentration factor is very high, the effect of the 
cell capital cost on the cost of hydrogen is not too important. The cost of hydrogen is not very 
sensitive to small changes in the cell capital cost variation. The cost of the optical system is 
included in the cost of the BOS. 
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FIG. 20. Comparison of hydrogen costs in Adrar and Annaba for different values of PV 
efficiency and concentration. 

Figure 21 shows the evolution of the cost of hydrogen with the concentration factor at different 
water temperature. This figure clearly indicates that the cost of hydrogen is very sensitive to 
the concentration factor. However, the decrease in the cost of hydrogen with the increase in the 
concentration factor levels off at higher concentration. 

 

 

FIG. 21. Evolution of hydrogen cost with PV cell efficiency for different values of the 
concentration factor. Case of multi-junction cells. (a) Annaba, (b) Adrar. 



 

29 

 

The evolution of the cost of hydrogen as function of the temperature with different values of 
the concentration factor is reported in Fig. 22. This figure shows that the drop of the cost of 
hydrogen as temperature increases is less pronounced than its drop with increase concentration. 

 

 

FIG. 22. Evolution of hydrogen cost with water electrolyzer temperature for different values of 
the concentration factor. Case of multi-junction cells. (a) Annaba, (b) Adrar. 

 

In Fig. 23, a comparison between the costs of hydrogen produced in Annaba to those produced 
in Adrar is carried out. 

 

FIG. 23. Comparison of hydrogen costs in Adrar and Annaba for different values of PV 
efficiency and concentration. Case of multi-junction cells. 
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This figure indicates one more time the importance of the solar irradiance in the production 
process. However, it can be noted that the absolute difference decreases as the concentration 
factor increases. 

4. NUCLEAR-BASED HYDROGEN 

4.1. Nuclear hydrogen production systems 

Different reactors are considered for providing the energy necessary to drive the hydrogen 
production processes. Depending on the type of process, these nuclear reactors need to deliver 
electricity as in the case of conventional electrolysis, heat and electricity as in the case of high 
temperature steam electrolysis or heat as in the case of thermochemical cycles. 

A nuclear-based hydrogen production unit is made up of a nuclear power plant (NPP) and a 
hydrogen generation plant (HGP). The NPP generates the energy needed for the process taking 
place in the HGP to produce hydrogen. 

4.1.1. Nuclear generic cases 

Systems description: In the present work, two types of NPP are considered. For the generation 
of electricity an advanced pressurized water reactor (APWR) is considered. For heat generation, 
a high temperature gas cool reactor (HTGR) is considered. Concerning the HGP, in the present 
work three different processes are considered [58, 59]: 

The conventional electrolysis: it is a well understood technique that has reached the commercial 
level. Electricity is needed to generate hydrogen from water. A conventional stack of 
electrolyzer is considered. The needed electricity is provided by an advanced pressurized water 
reactor (APWR). In order to determine the size effect on the cost of hydrogen production, the 
cost of hydrogen for three production rates are estimated. 

The high temperature steam electrolysis: like the conventional electrolysis, it produces high 
purity hydrogen. A high temperature electrolyzer is necessary in the present case. In this case 
using electricity, hydrogen is generated from steam. Heat for the production of steam is 
provided by a high temperature gas cooled reactor. 

S–I thermochemical cycle: thermochemical cycle process is considered to be the most 
promising process for large scale hydrogen production. In this process, a series of thermally 
driven chemical reactions are used to split water into hydrogen and oxygen. Numerous cycles 
are under consideration. The sulfur –iodine cycle, known also as the Ispra Mark 16 cycle, is 
one the most considered thermochemical cycle for hydrogen production. It is the subject of 
interest of a large number of laboratories worldwide. The cycle consists of three main chemical 
reactions [60]: 

the Bunsen reaction which produces of hydriodic acid and sulfuric acid: 

𝐼 + 𝑆𝑂 + 2𝐻𝑂  ↔ 𝐻 𝑆𝑂 +  2𝐻𝐼 (20 °C – 120 °C) 

The Bunsen reaction is an exothermic reaction. 

The hydriodic acid decomposition reaction which leads to the production of hydrogen and 
regeneration of iodine. 
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2𝐻𝐼 ↔ 𝐻 + 𝐼  (300 °C – 450 °C) 

This reaction is an endothermic reaction. The needed heat is provided by the HTGR nuclear 
reactor. 

The sulfuric acid decomposition reaction which leads to the production of oxygen and 
regeneration of SO2: 

 𝐻 𝑆𝑂  ↔ 𝐻 𝑂 + 𝑆𝑂 + 𝑂  (800 °C – 900 °C) 

This reaction is an endothermic reaction. Heat is needed for the reaction. 

A summary of the different cases under consideration are reported in Table 11. 

 

TABLE 11. NUCLEAR-BASED HYDROGEN PRODUCTION TECHNIQUES CONSIDERED IN 
THIS WORK 

 Case-1 Case-2 Case-3 Case-4 Case-5 

Reactor type APWR1 APWR1 APWR1  
(AP1000) 

HTGR2 HTGR2 

Process type CE3 CE3 CE3 HTSE4 SI5 

Capacity factor (%) 93 93 93 90 90 

Construction period (a) 5 5 5 3 3 

1Advanced Pressurized Water Reactor   2High Temperature Gas cooled Reactor 
3Conventional Electrolysis     4High Temperature Steam Electrolysis 
5Sulfur–iodine thermochemical cycle 

 

Cost estimation: 

The cost of hydrogen production using nuclear energy has been carried out using the 
International Atomic Energy Agency (IAEA) newly developed Hydrogen Economic Evaluation 
Program (HEEP) software [61]. HEEP software can be used to perform techno-economic 
analysis of nuclear-based hydrogen production technologies. The software can handle cost 
evaluation for nuclear power plants such as APWR and HTGR. 

In the present work, the techno-economic characteristics of the nuclear power plant under 
consideration are reported in Table 12. 

It can be noted that the advanced pressurized water reactor (APWR) power plant provides the 
electricity needed for the conventional electrolysis of water. On the other hand, in the last two 
cases the high temperature gas cooled reactor (HTGR) power plant are used to generate heat 
for high temperature steam generation and hydrogen production and for the driving chemical 
reactions in the S–I thermochemical cycle. 



 

32 

 

TABLE 12. NUCLEAR POWER PLANT PARAMETERS 

 Case-1 Case-2 Case-3 Case-4 Case-5 

Reactor type APWR APWR APWR 
(AP1000) 

HTGR HTGR 

Rated power capacity 359.5 
MW(e) 

719  
MW(e) 

1117  
MW(e) 

509.3 
MW(th) 

630.7 
MW(th) 

Number of units 2 2 2 2 2 

Capital investment 
(M$/unit) 

3155 4656.5 5964 402.3 605 

Annual O&M cost  
(% of CC) 

1.66 1.66 1.66 5.84 1.82 

Annual fuel cost  
(M$) 

34.96 51.6 66.09 38.24 69.73 

Decommissioning cost  
(% of CC) 

2.8 2.8 2.8 11.7 8.35 

 

Concerning the hydrogen generation plant, details are given in Table 13. It could be noticed 
that the rate of production of the first case of conventional water electrolysis is the same as the 
case of high temperature steam electrolysis and the S–I thermochemical cycle. 

However, the three first cases of conventional water electrolysis do not have the same 
production rates. The rate of production of the second case is twice that of the first, while that 
of the third is a little more than three times that of the first case. These three cases are used to 
study the effect of size on the evolution of the cost of hydrogen production. 

The costs considered in HEEP software are the capital cost, the running cost and the 
decommissioning cost [61, 62]. The capital cost includes all the expenditures incurred before 
operation, i.e. the costs of design, licensing manufacturing and erection, construction and 
commissioning of the plant. 

HEEP offers, through equity to debt ratio, flexibility in raising the capital investment. The 
running cost includes mainly the costs of operation, maintenance and refurbishment 
expenditures and fuel costs. In the present work, the operating life is fixed at 40 years. 
Concerning the decommissioning cost, the period for cooling before decommissioning has been 
fixed in the present work at 2 years and the decommissioning period at 10 years. 

The levelized cost of hydrogen production CH2 is determined, at year N0, from the present value 
of expenditures of nuclear power plant ENPP, Present value of expenditures of hydrogen 
generation EH2GP, the present value of expenditures of hydrogen transportation facility EH2T and 
the present value of gross hydrogen generation GH2. This levelized cost is given by [62, 63]: 

𝐶 =   
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TABLE 13. HYDROGEN GENERATION PLANT PARAMETERS 

 Case-1 Case-2 Case-3 Case-4 Case-5 

Process type CE CE CE HTSE IS 

Hydrogen production  
(106 kg/a) 

126.144 252.288 391.993 126.144 126.144 

Total thermal hydrogen 
process efficiency (HHV) 
(%) 

26.07 26.07 26.07 39.82 45.02 

Capital cost (M$/unit) 422.6 846.2 1313.0 458.5 666.2 

Non-process electricity 
requirement 

- - - - 428 MW(e) 

Annual O&M expenses 
(% of CC) 

4 4 4 14.24 6.68 

Demineralized water 
consumption (109 L/a) 

1.136 2.272 3.530 1.136 1.136 

Decommissioning cost  
(% of CC) 

10 10 10 10 10 

 

The present values of expenditures Ei defined above are determined at year N0 from the capital 
investment costs CIN, the running cost CRN and the decommissioning cost CDN, the start year Ni 
and the end year Nf: 

𝐸 =  ∑
( )( ) + ∑

( )( ) + ∑
( )( )  

More details on the economic model used could be found in the literature [63]. The economic 
parameters used in the present work are reported in Table 14. 

 

TABLE 14. ECONOMIC PARAMETERS 

Parameter Value 

Discount rate  6% 

Inflation rate  1% 

Equity to Debt ratio  70:30 

Interest on borrowings 6% 

Tax rate 1.5% 

Depreciation period 20 a 
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4.2. Nuclear country cases 

In the present case, six different cases are considered corresponding to four countries. Details 
on these cases are presented in Table 15. 

 

TABLE 15. NUCLEAR-BASED HYDROGEN PRODUCTION TECHNIQUES:  
COUNTRY CASES 

Country Nuclear reactor technology Hydrogen production process 

Germany 
High Temperature Reactor 

(HTR) 

Steam–methane reforming 

Japan Gas Turbine High Temperature 

Reactor 300MW(e) 

(GTHTR300C) 

Sulfur–iodine thermochemical process 

China 
High Temperature Reactor- 

Pebble Bed Modul (HTR-PM) 

Sulfur–iodine thermochemical process 

Canada CANDU 

Hybrid sulfur thermochemical cycle 

Sulfur–iodine thermochemical process 

3-step Cu–Cl thermochemical cycle 

5-step Cu–Cl thermochemical cycle 

 

Four different nuclear techniques are considered, namely the High Temperature Reactor (HTR) 
for Germany, the Gas Turbine High Temperature Reactor (GTHTR300C) for Japan, the High 
Temperature Reactor Pebble Bed Modul (HTR-PM) for China and the CANDU for Canada. 

Nuclear plant data of the different cases are reported in Table 16. 

The hydrogen production processes include the steam–methane reforming for Germany and the 
thermochemical processes namely, the sulfur–iodine process, the hybrid sulfur cycle, the 3-step 
Cu–Cl cycle and the 5-step Cu–Cl cycle for the other countries. 

Hydrogen generation plant data for the different country cases are reported in Table 17. 

The cost of hydrogen production using the different nuclear based techniques for the country 
cases reported above in Table 15 is estimated using IAEA HEEP software. 
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TABLE 16. NUCLEAR PLANT DATA FOR THE DIFFERENT COUNTRY CASES UNDER 
CONSIDERATION 

 Case-1 Case-2 Case-3 Case-4 Case-5 Case-6 

Thermal rating 
(MW(th)/unit) 

2084 2084 2084 2084 250 600 

Heat for H2 plant 
(MW(th)/unit) 

2084 1161.38 960.60 948.22 230 170 

Electricity rating 
(MW(e)/unit) 

- 330 401.62 406.04 0 202.014 

Capacity factor (%) 90 90 90 90 - - 

Availability factor 
(%) 

100 100 100 100 - - 

Thermal efficiency 
(%) 

35.75 35.75 35.75 35.75 - - 

Number of units 2 2 2 2 2 1 

Initial fuel load 
(kg/unit) 

87 552 87 552 87 552 87 552 5900 7090 

Annual fuel feed 
(kg/unit) 

126 000 126 000 126 000 126 000 1500 1773 

Capital cost 
(M$/unit) 

2000 2000 2000 2000 500 547 

Electricity 
generation 
infrastructure  
(% of CC) 

10 10 10 10 0 66 

Fuel cost ($/kg) 137.2 137.2 137.2 137.2 4800 5800 

O&M cost  
(% of CC) 

4.21 4.21 4.21 4.21 3.81 3.81 

Decommissioning 
cost (% of CC) 

14.75 14.75 14.75 14.75 8 10 
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TABLE 17. HYDROGEN GENERATION PLANT DATA FOR THE DIFFERENT COUNTRY 
CASES UNDER CONSIDERATION 

 Case-1 Case-2 Case-3 Case-4 Case-5 Case-6 

H2 generation rate 
(kg/a/unit) 

4.68×108 4.52×108 3.93×108 3.98×108 4.3×107 1.83×107 

Heat consumption 
(MW(th)/unit) 

4000 2322 1921.2 1896.44 450 170 

Electricity 
consumption 
(MW(e)/unit) 

- 660 803.24 812.08 20 23 

Heat to hydrogen 
efficiency (%) 

50.6 48.8 42.4 43.0 - - 

Number of units 1 1 1 1 1 1 

Capital cost 
(M$/unit) 

1189 719 841 827 200 186 

O&M cost  
(% of CC) 

7.0 6.8 7.0 7.0 5.46 5.46 

Decommissioning 
cost (% of CC) 

10 10 10 10 10 10 

Capacity factor (%) 90 90 90 90 - - 

Availability factor 
(%) 

100 100 100 100 - - 

 

The economic parameters used in this study are reported in Table 18. 

TABLE 18. FISCAL PARAMETERS FOR THE COUNTRY CASES UNDER CONSIDERATION 

 Case-1 Case-2 Case-3 Case-4 Case-5 Case-6 

Discount rate (%) 2 2 2 2 5 5 

Inflation rate (%) 2 2 2 2 1 0 

Equity:Debt (%) 50:50 50:50 50:50 50:50 70:30 0:100 

Borrowing interest 
(%) 

7 7 7 7 10 5 

Tax rate (%) 30 30 30 30 40 40 

Construction (a) 6 6 6 6 3 3 

Operation (a) 30 30 30 30 40 40 
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4.3. Nuclear results 

4.3.1. Nuclear generic cases 

First, the case of an advanced pressurized water reactor (APWR) for providing energy and an 
electrolysis system for hydrogen production is considered. 

Figure 24 shows the evolution of the hydrogen production cost with the production rate. The 
aim is to determine the plant size effect on the production cost. It can be seen that as the 
production rate increases the hydrogen production rates decreases. As the production rate goes 
from 4 kg/s to 12.43 kg/s, the hydrogen cost drops by about 57%. 

 

FIG. 24. Hydrogen production cost as function of the production rate in the case of an  
APWR electrolysis system. 

It can be noted also that the nuclear power plant (NPP) related cost decreases as the production 
rate increases. It has gone from 92% of the overall hydrogen production at a production rate of 
4 kg/s to 88% at a production rate of 12.43 kg/s. 

In Fig. 25, the costs of hydrogen production using nuclear energy for different techniques are 
compared. From this figure, it can be seen that the high temperature steam electrolysis method 
is the least costly. The cost of hydrogen production with the high temperature steam electrolysis 
is 51% lower than the cost of common electrolysis using a production rate of 12.43 kg/s. It is 
about 88.5% lower than the cost of hydrogen production using the S–I thermochemical cycle 
technique. 

In order to determine the costs of the different parts of the hydrogen production unit, the 
hydrogen fractional costs for the different nuclear techniques considered in this study are 
reported in Fig. 26. 

From this figure, it can be seen that the nuclear power plant related cost part is the lowest in the 
S–I thermochemical cycle process. It represents only about 37% of the overall hydrogen 
production cost. The highest is with the common electrolysis process where it represents 
between about 88% for the high production rate and about 92% for the low production rate. For 
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the high temperature steam electrolysis process, the nuclear power plant related cost represents 
about 55% of the overall hydrogen production cost. 

 

FIG. 25. Hydrogen production cost for different production methods using nuclear power 
plants. 

 

FIG. 26. Hydrogen fractional costs for different hydrogen production techniques. 
 

4.3.2. Nuclear country cases 

Figure 27 shows the cost of hydrogen production for nuclear-based hydrogen production 
techniques for the country cases. From this figure, it can be seen that hydrogen production cost 
using the HTR steam–methane reforming (German case) is the highest. This cost is at least 
twice any cost of hydrogen production by other technique under consideration. 
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The results indicate also that the cost of hydrogen production using the GTHTR300C sulfur–
iodine thermochemical process (Japanese case) is the lowest. It is less expensive than hydrogen 
produced by the same production process, i.e. sulfur–iodine thermochemical process (Chinese 
case). However, the nuclear power source is different. 

 

 

FIG. 27. Cost of hydrogen production for different nuclear-based techniques. Country cases. 

 

Concerning the Cu–Cl thermochemical cycles, the results show that the cost of hydrogen using 
3-step Cu–Cl cycle is slightly more expensive than 5-step Cu–Cl cycle. 

An analysis of the fractional cost of hydrogen production for the country cases under 
consideration has been carried out. The results are reported in Fig. 28. 

 

 

FIG. 28. Fractional cost of hydrogen production for different nuclear-based techniques.  
Country cases. 
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The figure shows that the cost of hydrogen production using the GTHTR300C sulfur–iodine 
thermochemical process (Japanese case) is hydrogen split almost in half between the cost 
related to the nuclear power plant and the cost related to the hydrogen generation plant. 

In the other cases, the cost related to nuclear power plant is much larger than the cost related to 
the hydrogen generation plant. The nuclear power plant related cost represents at least 70% of 
the total cost of hydrogen production. In the HTR steam reforming process, the cost of hydrogen 
is overwhelmingly dominated by the cost related to the nuclear power plant. 

5. COMPARISON BETWEEN SOLAR AND NUCLEAR HYDROGEN PRODUCTION 
COSTS 

5.1. Comparison CPV case and generic cases 

In the present part, we are going to compare the cost of nuclear hydrogen production to the cost 
of solar hydrogen production. Three cases are considered: the case of very low concentration 
solar-based technique (C=10), the low concentration solar-based technique (C=20) and the 
medium concentration solar-based technique (C=100). 

In Fig. 29, the cost of nuclear hydrogen production is compared to the solar hydrogen 
production using very low concentration, i.e. C=10. 

 

 

FIG. 29. Comparison of nuclear-based hydrogen production cost to very low concentration 
solar-based hydrogen production for two different concentrations. 

 

From this figure, it can be seen that the low concentration solar-based hydrogen production cost 
is much higher than any nuclear-based hydrogen production cost. In the case of a PV module 
efficiency of 14%, the cost of low concentration solar hydrogen produced in the site of Annaba 
is about 515% higher than the cost of nuclear driven high temperature electrolysis process and 
217.5% higher than the cost of nuclear-based S–I thermochemical hydrogen production 
process. In the case where the PV module efficiency is 20%, these values for Annaba are 
respectively about 344% and 136%. For Adrar, these values are 339% and 133% for PV module 
efficiency of 14% and 226% and 73% for PV module efficiency of 20%. 
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It can be concluded that the very low concentration solar-based electrolysis process is not 
competitive with the nuclear-based hydrogen production technologies. 

For the case of low concentration, i.e. C=20, the results are reported in Fig. 30. It can be seen 
that the solar-based hydrogen production technique starts becoming competitive with the 
nuclear-based hydrogen production technologies. 

 

FIG. 30. Comparison of nuclear-based hydrogen production cost to low concentration solar-
based hydrogen production for two different concentrations. 

First let us consider the case where the PV module efficiency is 14%. In this case, as it can be 
seen from Fig. 30, the cost of hydrogen production by solar-based electrolysis in Annaba is 
about the same order of magnitude as the cost of nuclear-based electrolysis with a production 
rate of 4 kg/s which has the highest cost in the considered nuclear-based hydrogen production 
technologies. However, the cost of hydrogen production by solar-based electrolysis in Adrar, 
tough about 76.5% higher than the cost of the nuclear-based S–I thermochemical process, it is 
26% lower than the nuclear-based electrolysis with production rate of 4 kg/s and also about 6% 
lower than the cost of the nuclear-based S–I thermochemical process. 

Now, let us consider the case where the PV module efficiency is 20%. In this case, as it can be 
seen from Fig. 30, the cost of hydrogen production by solar-based electrolysis in Annaba is 
about the same order of magnitude as the cost of the nuclear-based S–I thermochemical 
hydrogen production process. This cost is lower than the nuclear-based electrolysis process 
with a production rate equal or higher than 8 kg/s but about 25.5% higher than the cost of the 
nuclear-based electrolysis process with a production rate equal 12.43 kg/s. It is also about 
89.5% higher than the cost of the nuclear-based high temperature steam electrolysis process. 

For the case of Adrar with the same PV module efficiency, i.e. 20%, the cost of solar-based 
electrolysis hydrogen production is much lower than any considered nuclear-based electrolysis 
process but about 39.5% higher than the cost of the nuclear-based high temperature steam 
electrolysis process. This cost is about 26% lower than the cost of the nuclear-based S–I 
thermochemical hydrogen production process. 

It can be concluded that for a concentration of 20, the CPV electrolysis production process starts 
becoming competitive with the nuclear-based hydrogen production techniques. 

Finally, the results for the case of a concentration of 100 are reported in Fig. 31. 
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It can be seen that the costs of the considered solar-based hydrogen production techniques are 
lower than the costs of the considered nuclear-based hydrogen production techniques. 

For the case of PV efficiency of 14%, the cost of nuclear-based high temperature electrolysis, 
which is the lowest cost of all the considered nuclear-based hydrogen production techniques, is 
about 29% higher than the solar-based electrolysis in the site of Annaba and 75% higher than 
the solar-based electrolysis in the site of Adrar. 

 

FIG. 31. Comparison of nuclear-based hydrogen production cost to medium concentration 
solar-based hydrogen production. 

 

The same for PV efficiency of 20%, the cost of nuclear-based high temperature electrolysis, 
which is the lowest cost of all the considered nuclear-based hydrogen production techniques, is 
about 39.5% higher than the solar-based electrolysis in the site of Annaba and 89.5% higher 
than the solar-based electrolysis in the site of Adrar. 

5.2. Comparison of hydrogen costs using different techniques 

In the present study, solar-based techniques and nuclear based techniques are considered. 
Details are given in Table 19. All the cases have been included. For the nuclear-based hydrogen 
production, both the generic cases and the country cases are dealt with. For the solar cases, both 
the CSP case and the CPV case are included. 

For the solar-based techniques, the assessment of hydrogen production is carried out using 
models from the literature. On the other hand, the IAEA HEEP software has been used to 
estimate the cost of hydrogen production using the nuclear-based technique. 

Figure 32 shows the cost of hydrogen production for all the techniques considered in this study. 
For the CPV electrolyzer, the low concentration case is considered. This figure clearly indicates 
that, except for steam reforming, hydrogen production using nuclear-based technologies is 
economically more competitive than hydrogen production using solar-based technologies. The 
cost of hydrogen production using low CPV electrolysis technique is the highest. Hydrogen 
generation using CSP parabolic trough electrolysis is cheaper than using nuclear-based steam 
reforming. 
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TABLE 19. HYDROGEN PRODUCTION TECHNIQUES CONSIDERED IN THIS STUDY 

Solar-based technologies  

 CPV electrolysis system 

 CSP (parabolic trough) electrolysis system 

Nuclear-based technologies 

 APWR electrolysis system HTGR electrolysis system 

 HTGR S–I cycle system HTR steam reforming system 

 GTHTR300C S–I cycle system HTR-PM S–I cycle system 

 CANDU S–I cycle system CANDU HyS cycle system 

 CANDU 3-step Cu–Cl cycle system CANDU 5-step Cu–Cl cycle system 

 

 

 

FIG. 32. Comparison of hydrogen production using different solar-based and nuclear-based 
technique. Case of low CPV concentration for two different solar fractions. 

 

However, as the concentration of the CPV system, the cost of hydrogen production using this 
technique drops rapidly. The cost of hydrogen production using a medium concentration CPV 
–electrolysis system is compared to the cost of hydrogen production using other techniques. 
The results are reported in Fig. 33. 
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FIG. 33. Comparison of hydrogen production using different solar-based and nuclear-based 
technique. Case of medium CPV concentration for two different solar fractions. 

This figure clearly shows that the cost of hydrogen production using the medium concentration 
CPV electrolysis techniques is the lowest. 

Hydrogen generation using nuclear-based steam reforming technique is the most expensive of 
all the techniques under consideration. Still, hydrogen generation using CSP technology 
remains fairly expensive. 

A.6. CONCLUSION 

The present work is carried out in the framework of the IAEA coordinated research project of 
examining the techno-economic of hydrogen production and benchmark analysis of the IAEA 
HEEP software. 

In this present report, we deal with the evaluation of hydrogen cost using a solar-based hydrogen 
production technique, namely a CPV electrolysis process. In order to benchmark the IAEA 
HEEP software, the costs of generic cases of nuclear-based hydrogen production techniques are 
estimated. 

First, the case of a CPV electrolyzer case has been analysed. It has been found that: 

For the case of very low concentration, the cost of hydrogen production is prohibitory high. It 
has though been also found that the cost drops rapidly with increase in concentration. 

The direct normal irradiance (DNI) plays an important role; an increase in DNI leads to a 
reduction in production cost. 

Concerning the effect of the PV module efficient, its effect depends on the solar concentration. 
At low concentration, an increase in this efficiency leads to a sizable reduction in production 
cost. However, at higher concentration, an increase in efficiency results in a small reduction in 
hydrogen production cost. 

Now concerning the fractional costs, the cost of hydrogen production per unit mass is 
dominated at low concentration by the contribution to the cost per unit mass of the CPV system 
cost. However, as the concentration increases, this contribution decreases. 
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For the case of CSP electrolysis: 

The cost is very high by comparison by comparison to the CPV electrolysis case. The DNI and 
the solar fraction plays an important role: as the DNI increases and the solar fraction decreases, 
the cost of production decreases fast. 

The fractional cost is very high. The cost of hydrogen production is dominated by the cost of 
the energy production cost. 

For the nuclear-based hydrogen production techniques, HEEP software has been used to 
analyse the cost. It has been found that: 

The size of the hydrogen production rate plays an important role. As the rate of production goes 
up, the cost of hydrogen production goes down. 

By comparing different production methods, namely, conventional electrolysis, high 
temperature steam electrolysis and sulfur–iodine thermochemical cycle, it has been that the cost 
of hydrogen production using the high temperature steam electrolysis is the lowest. The 
conventional electrolysis process cost is though high. This is due to the high cost of electricity. 

The cost of hydrogen production using steam–methane reforming is very high by comparison 
to the other processes. 

Now concerning the fractional costs, the cost of hydrogen production is dominated, at more 
than 90%, in the case of conventional electrolysis by the contribution to the cost per unit mass 
of the nuclear power plant cost. However, this contribution is much smaller in the case of high 
temperature steam electrolysis process and the sulfur–iodine thermochemical cycle process. For 
the high temperature electrolysis process, it is less than 60%; and for the case of the sulfur–
iodine thermochemical cycle process, it is less than 40%. 

The costs of hydrogen production cost using solar-based techniques are compared to the costs 
of hydrogen production using nuclear-based techniques. It has been found that the cost of 
hydrogen production using CPV electrolyzer system is, at low solar concentration, much higher 
than the cost of hydrogen using nuclear-based techniques. However, as the solar concentration 
increases, the cost of hydrogen using CPV electrolyzer system drops fairly fast. At solar 
concentration of about 100, the hydrogen production using CPV electrolyzer system becomes 
economically competitive with the hydrogen production using nuclear-based techniques. The 
cost of hydrogen using CSP electrolysis system remains though high by comparison to nuclear-
based techniques except for the nuclear-based steam–methane reforming technique. This 
technique though drastically reduces the emission of CO2. It is then very benign for the 
environment. 
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SUMMARY 

In the framework of the CRP: “Examining the Techno-Economics of Nuclear Hydrogen 
Production and Benchmark Analysis of the IAEA HEEP Software”, an evaluation of the HEEP 
capabilities was carried out through the analysis of eight Case Studies using common technical 
and financial input data provided to all participants of the Project. The first five cases 
correspond to Generic Case Studies provided by the IAEA while the remaining three cases are 
National State Case Studies given by participants from Japan, China and Germany, 
respectively, based on their own technical and financial input data. In addition to nominal 
calculations carried out with the default values of financial parameters included in HEEP, a 
sensitivity analysis was performed on the five Generic Case Studies by changing the following 
four financial parameters: (1) discount rate; (2) inflation rate; (3) borrowing interest; and (4) 
tax rate. The benchmark exercise has proved that the IAEA HEEP software is a suitable and 
friendly analysis tool for obtaining valuable information about techno-economics of nuclear 
hydrogen production, since HEEP computational models appear to well-predict the effect of 
different technical and economic issues that affect the hydrogen cost such as the economy scale, 
the process used to produce hydrogen and the economic parameters of different countries. The 
sensitivity analysis also showed a strong influence of financial parameters on the hydrogen 
production cost and this influence appears to be more significant when the cost of the nuclear 
power plant component is an important fraction of the total cost of the energy complex. Finally, 
some recommendations are given for enhancing the current HEEP capabilities and user 
friendliness. 

1. INTRODUCTION 

The potential of hydrogen production using nuclear energy has led the IAEA to carry out an 
active programme on the subject including technical meetings for information exchange on the 
status of nuclear hydrogen production, on future challenges to nuclear hydrogen production 
with emphasis on safety of coupling between nuclear and hydrogen generation plants, and on 
future prospects of hydrogen economy. In this framework, the IAEA has developed the 
Hydrogen Economic Evaluation Programme (HEEP), which is a computer software that allows 
analyzing several options for a future hydrogen economy. Being the first-of-a-kind, HEEP 
needs to be benchmarked for various scenarios of hydrogen generation, storage and distribution. 
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In order to evaluate the techno-economics of nuclear hydrogen production and to perform 
benchmark analysis of the HEEP software, a Cooperation Research Project (CRP) was signed 
between the IAEA and several member states: Algeria, Argentina, Canada, China, Germany, 
India, Indonesia, Japan, the Republic of Korea, Pakistan, United States, with the following 
objectives: 

Run five Generic Case Studies to test the HEEP capabilities with input data given by the IAEA, 
and provide results and feedback regarding to HEEP and its utilization; 

Generate and evaluate Individual State Case Studies for their national nuclear hydrogen projects 
using their own technical and financial input data and HEEP, and perform comparative analysis 
of calculation results; 

Discuss the results of HEEP calculations in technical meetings and, based on those discussions, 
determine three potential cases as Generic Test Cases for the overall benchmarking of HEEP; 

Establish a network for sharing information and research collaboration on nuclear hydrogen 
production; 

Enhance the HEEP capabilities by adding hydrogen production processes like steam reforming 
of methane and coal gasification, as well as by including renewable energy production 
alternatives like solar energy. 

In this report, eight Case Studies to be considered for the HEEP benchmarking exercise are 
discussed and analysed. The first five cases correspond to Generic Case Studies provided by 
the IAEA while the remaining three cases are Individual State Cases given by participants from 
Japan, China and Germany, respectively, based on their own technical and financial input data. 
Additionally, four Individual State Case Studies were provided by Canada but they are not 
considered in this report since all input data required by HEEP were given in the proper format 
and, then, the calculation results obtained by all participants were identical. On the opposite, 
the benchmarking exercise with the eight Case Studies presented here have required several 
assumptions about different input data like the costs of the nuclear fuel and, then, some 
discrepancies were found in results obtained by different participants of the Project. 

Firstly, a description of the eight Case Studies is given in terms of nuclear power plant (NPP) 
characteristics, processes used for hydrogen generation, location of hydrogen generation plant 
respect to the NPP, and so on. Secondly, the criteria used for converting the information given 
to participants to input data according to HEEP format are briefly discussed, and all input data 
used for the Argentina analysis of eight Case Studies are presented. Following, results of HEEP 
calculations in terms of levelized cost of hydrogen production and cost breakup are presented 
for the default values of financial parameters included in the HEEP database (“nominal 
results”). Finally, a sensitivity analysis is performed for the five Generic Case Studies through 
parametric calculations with different values of the following four financial parameters 
included in HEEP: (1) discount rate; (2) inflation rate; (3) borrowing interest; and (4) tax rate. 

The comparative analysis of the eight Case Studies with the default values of financial 
parameters is suitable to test the capability of the HEEP software for predicting the effect on 
the hydrogen cost of: (a) the economy scale, i.e. comparison of Cases 1, 2 and 3; (b) the process 
used for the hydrogen generation for facilities of similar size, i.e. comparison of Cases 1, 4, 5 
and 8; and (c) the economical parameters of different countries, i.e. comparison of Cases 6, 7 
and 8. On the other hand, the sensitivity analysis is intended to clarify whether the variation of 
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financial rates within a certain range influences strongly on the final cost of nuclear hydrogen 
production. 

 

2. DESCRIPTION OF THE EIGHT CASE STUDIES SELECTED FOR ANALYSIS 

The eight Case Studies analyzed with HEEP involve energy complexes where the NPPs and 
the hydrogen generation plants are co-located in the same place. According to that, no costs due 
transportation and distribution of hydrogen are considered in calculations. 

The first three Generic Case Studies (identified in the following as Case-1, Case-2 and Case-3, 
respectively) correspond to the coupling of two advanced pressurized light water reactors 
(APWRs) with a hydrogen generation facility that uses conventional electrolysis (CE) for 
producing hydrogen from demineralized water. The size of both NPP and hydrogen generation 
plant increases from Case-1 to Case-3: in Case-1, the APWRs have a net electrical power of 
359.5 MW(e)/unit while the CE facility is designed to produce 4 kg H2/s; in Case-2, the APWRs 
have a net electrical power of 719 MW(e)/unit and the CE facility produces 8 kg-H2/s; and 
Case-3 refers to the coupling of two AP1000 reactors with a net electrical power of 1117 
MW(e)/unit with a CE facility designed to produce 12.43 kg H2/s. Then, a comparative analysis 
of these three Generic Case Studies allows to evaluate the influence of the scale economy on 
the cost of nuclear hydrogen production. 

The following two Generic Case Studies (identified in the next as Case-4 and Case-5) 
correspond to the coupling of two high temperature gas reactors (HTGRs) with hydrogen 
generation facilities that use high temperature steam electrolysis (HTSE) and a hybrid system 
based on Sulfur–Iodine (S–I) thermochemical cycle, respectively. While the hydrogen 
generation rate is the same for the two hydrogen plants, i.e. 4 kg-H2/s, the methods for hydrogen 
generation and, then, the energy input for both hydrogen generation plants are different: in 
Case-4, the HTSE facility uses the electricity provided by the NPP while, in Case-5, the 
hydrogen is produced by using both nuclear energy as heat process source and electricity 
provided by an external electrical grid. According to that, a comparative analysis of Cases 1, 4 
and 5 is suitable for evaluating the influence of the hydrogen generation process on the nuclear 
hydrogen cost in the case of plants of similar hydrogen production rates. 

The so-called CASE-6 is a State Case Study provided by participants from Japan and it 
comprises the coupling of one HTGR of 600 MW(th) with a hydrogen generation plant 
consisting of a hybrid system based on the S–I thermochemical cycle that produces 0.6 kg-H2/s. 
In this case, part of the HTGR thermal output (170 MW(th)) is used as heat input for the S–I 
process while the remaining thermal energy (430 MW(th)) is used to produce electricity (202 
MW(e)). 

The so-called Case-7 is a State Case Study given by participants from China and it refers to the 
coupling of two HTGRs of 250 MW(th)/unit with a hydrogen generation plant based on the S–
I thermochemical cycle and producing 1.5 kg-H2/s. In this case, all thermal energy of the 
HTGRs is used as heat input for the S–I process while the electricity required for the hydrogen 
generation plant (20 MW(e)) is supplied by an external electrical grid. 

Finally, the so-called Case-8 is a State Case Study supplied by participants from Germany and 
it corresponds to the coupling of two HTGRs (HTR-Modul) of 170 MW(th)/unit with two units 
that produce hydrogen by steam–methane reforming (SMR) at a total generation rate of 4.2 kg 
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H2/s. In this case, part of the HTGR thermal output (65.3 MW(th)/unit) is used as heat input for 
the SMR process while the remaining thermal energy (104.7 MW(th)/unit) produces a fraction 
of the electricity required for the hydrogen production plant (65%). The remaining 35% of 
electricity required by the hydrogen generation plants is provided by an external electrical grid. 

 

3. INPUT DATA FOR HEEP CALCULATIONS 

All input data provided by the IAEA for the analysis of the five Generic Case Studies, as well 
as the information given by participants from Japan, China and Germany for the three State 
Case Studies are given in the Appendix. The main criteria used for converting this information 
to input data according to HEEP format are described in the following. 

 

• Nuclear reactor thermal rating and heat for hydrogen plant: 

Electricity rating (El_Rating) and thermal rating (Th_Rating) of nuclear reactors, and heat 
supplied to the hydrogen generation plants (H2Heat) are related with the efficiency of thermal-
electric energy conversion (Efficiency) through the following equation: 

2

_

_

El Rating
Efficiency

Th Rating H Heat



          

From electricity rating values given in the Appendix, the thermal rating of nuclear reactors and 
the heat for hydrogen generation plants were estimated by adopting an efficiency of thermal-
electric energy conversion of 33% for APWRs (Cases 1 to 3) and 55% for HTGRs (Cases 4 to 
8). 

 

• Cost of nuclear fuel: 

The annual total cost of finished fuel for nuclear power plants was provided as input data but 
HEEP models the fuel cost through the cost of fuel per unit weight (in US $/ kg-fuel). Based 
on the anticipated initial finished fuel load and the annual finished fuel consumption, the 
finished fuel cost per kg is derived from the fuel cost for the entire lifetime of reactor operation 
(40 years) through the following equation: 

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑓𝑖𝑛𝑖𝑠ℎ𝑒𝑑 𝑓𝑢𝑒𝑙 =
   ×

    ×
           

On the other hand, some assumptions on the nuclear reactor core configuration, i.e. number of 
fuel assemblies (FAs) in reactor core and weight of FAs, as well as on nuclear fuel reload 
strategy, i.e. length of the fuel cycle in reactor core, are needed for estimating the values of the 
initial finished fuel load and the annual finished fuel consumption, respectively. This topic was 
analysed in detail by participants during the two Technical Meetings held during the course of 
the CRP. 
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• Hydrogen generation rate: 

Starting from the hydrogen generation rates (H2_Rate) given in the Appendix (in kg-H2/s), and 
considering the capacity factor (Cap_factor) and the availability factor (Avail_factor) of the 
hydrogen production plants, the hydrogen generation rates per year (Gen_Rate) were calculated 
as follows: 

2

sec
_ _ 3600 24 365 _ _

hour day
Gen Rate H Rate Cap factor Avail factor

hour day year
           

 

• Cost of demineralized water: 

The consumption of demineralized water for hydrogen production is taken into account as a 
consumable cost included in the operating costs of the hydrogen generation plants. Since the 
information provided by the IAEA in Appendix A.1 is given in liters of water consumed per 
year, the unit cost of water (in US $/L) has to be known for estimating the annual cost of the 
consumable. 

The unit cost of demineralized water was obtained from the case HTE_HTHCR included in the 
HEEP DataCase where the total annual consumable cost is informed to be 790 888 US $/a. 
Taking into account that 9 L of water are needed per each kg of H2 produced, the annual 
consumption of demineralized water for this particular case can be estimated as follows: 

2

_
9

_

Gen Rate L

Cap factor kgH
                   

With Gen_Rate = 7.43E+7 kg-H2/a and Cap_factor = 0.9, the annual consumption of 
demineralized water results: 

2 2

2

7.43 7
9 7.43 8

0.9

kgH LH OE L
E

year kgH year


                

Then, the cost of consumable per liter of water is expected to be: 

2 2

790888 $ / $
0.0011

7.43 8 /

AnnualConsumableCost U D year U D

AnnualWaterConsumption E LH O year LH O
 


     

In summary, the input data according to the format required by HEEP and used for the 
benchmark calculations of the eight Case Studies are presented en Tables 1 to 3. Table 1 
summarizes the techno-economic characteristics of the NPPs while Table 2 lists the features of 
the hydrogen generation plants. In Table 3, the financial parameters used in the so-called 
“nominal calculations” are shown. 
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    TABLE 1. NUCLEAR POWER PLANTS INPUT DATA 

Parameter Case-1 
2 APWRs of 
359.5 
MW(e)/unit 

Case-2 
2 APWRs of 
719 
MW(e)/unit 

Case-3 
2 APWRs of 
1117 
MW(e)/unit 

Case-4 
2 HTGRs of 
509.3 
MW(th)/unit 

Case-5 
2 HTGRs of 
630.7 
MW(th)/unit 

Case-6 
1 HTGR of 
600 MW(th) 

Case-7 
2 HTGRs of 
250 
MW(th)/unit 

Case-8 
2 HTGRs of 
170 
MW(th)/unit 

Thermal rating 
(MW(th)/unit) 

1089 2179 3385 509.3 630.7 600 250 170 

Heat for hydrogen plant 
(MW(th)/unit) 

0.0001 0.0001 0.0001 509.3 630.7 170 230 65.3 

Electricity rating 
(MW(e)/unit) 

359.5 719 1117 0 0 202 0 21.3 

Number of units 2 2 2 2 2 1 2 2 

Initial fuel load (kg/unit) 27 000 54 000 75 000 14 000 18 000 7090 5900 2396 

Annual fuel feed (kg/unit) 9000 18 000 25 000 5000 6000 1773 1500 767 

Capital cost (US $/unit) 3.16E+9 4.66E+9 5.96E+9 4.02E+8 6.05E+8 5.47E+8 5.0E+8 6.0E+8 

Electricity generating 
infrastructure (% of CC) 

10 10 10 0 0 10 0 10 

Fuel cost (US $/kg fuel) 1850 1365 1260 3660 5535 5800 4800 22 937 

O&M cost (% of CC) 1.7 1.7 1.7 5.8 1.8 3.81 3.81 4 

Decommissioning cost  
(% of CC) 

2.8 2.8 2.8 11.7 8.3 10 8 2.5 

Construction period (a) 5 5 5 3 3 3 3 5 

Operation period (a) 40 40 40 40 40 40 40 40 

Capacity factor (%) 93 93 93 90 90 90 90 90 

Availability factor (%) 100 100 100 100 100 100 100 100 55 
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TABLE 2. HYDROGEN GENERATION PLANTS INPUT DATA 

Parameter Case-1 
Conventional 
electrolysis 

Case-2 
Conventional 
electrolysis 

Case-3 
Conventional 
electrolysis 

Case-4 
High temp. 
electrolysis 

Case-5 
S–I 
thermochem. 
cycle 

Case-6 
S–I hybrid 
cycle 

Case-7 
S–I 
thermochem. 
cycle 

Case-8 
Steam–
methane 
reforming 

Hydrogen generation 
rate (kg H2/s) 

4 8 12.43 4 4 0.6 1.5 4.2 

H2 generation (kg/unit) 1.26E+8 2.52E+8 3.92E+8 1.26E+8 1.26E+8 1.83E+7 4.3E+7 5.9E+7 

Heat consumption 
(MW(th)/unit) 

0.0001 0.0001 0.0001 1018.6 1261.4 170 450 65.3 

Electricity required 
(MW(e)/unit) 

719 1438 22 340 0 63 23 20 33 

Number of units 1 1 1 1 1 1 1 2 

Capital cost (US $/unit) 4.23E+8 8.46E+8 1.31E+9 4.59E+8 6.66E+8 1.86E+8 2.0E+8 2.0E+8 

Energy usage cost (US 
$) 

0 0 0 0 3.31E+7 0 1.05E+7 6.15E+6 

Other O&M cost  
(% of CC) 

4 4 4 17.23 6.7 5.46 5.46 7.78 

Decommissioning cost 
(% of CC) 

10 10 10 10 10 10 10 10 

Annual water 
consumption (L/a) 

1.136E+9 2.272E+9 3.53E+9 1.136E+9 1.136E+9 0 0 0 

Capacity factor (%) 93 93 93 90 90 90 90 90 

Availability factor (%) 100 100 100 100 100 100 100 100 
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TABLE 3. FINANCIAL PARAMETERS INPUT DATA 

Parameter Case-1 Case-2 Case-3 Case-4 Case-5 Case-6 Case-7 Case-8 

Discount rate (%) 5 5 5 5 5 5 5 10 

Inflation rate (%) 1 1 1 1 1 0 1 2.1 

Equity to debt ratio (% / %) 70 / 30 70 / 30 70 / 30 70 / 30 70 / 30 0 / 100 70 / 30 100 / 0 

Borrowing interest (%) 10 10 10 10 10 5 10 3.85 

Tax rate (%) 10 10 10 10 10 0 10 23.8 

Depreciation period (a) 20 20 20 20 20 20 20 20 
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4. CALCULATION RESULTS 

4.1. Nominal calculations 

 Nominal results correspond to the analysis of the eight Case Studies with the default values of 
the financial parameters included in HEEP (five Generic Case Studies) or given by the 
participants (three State Case Studies), which are summarized in Table 3. Results of these 
benchmark nominal calculations are presented in Table 4 and in Figures 1 and 2, in terms of 
levelized cost of hydrogen production and cost breakup, respectively. 

TABLE 4. LEVELIZED COST OF HYDROGEN PRODUCTION (NOMINAL RESULTS) 

 Levelized cost of 
hydrogen 

Cost breakup (%) 

Case study (US $/kg-H2) NPP H2 plant 

Case-1 5.47 92 8 

Case-2 4.16 90 10 

Case-3 3.50 88 12 

Case-4 2.25 55 45 

Case-5 2.67 59 41 

Case-6 2.83 51 49 

Case-7 3.78 76 24 

Case-8 2.52 77 23 

 

 

FIG. 1. Levelized cost of hydrogen production (nominal results). 
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FIG. 2. Cost breakup (nominal results). 

 

4.2. Sensitivity analysis 

Parametric calculations were carried out for the five Generic Case Studies by changing the 
following financial parameters used by HEEP, according to the variation range detailed in Table 
5: 

Discount rate; 

Inflation rate; 

Borrowing interest; 

Tax rate. 
 

TABLE 5. RANGE OF VARIATION OF FINANCIAL PARAMETERS FOR SENSITIVITY 
ANALYSIS 

Parameter Range of variation  

Discount rate (%) 2.5 – 7.5 

Inflation rate (%) 1 – 2 

Borrowing interest (%) 5 – 10 

Tax rate (%) 0 – 10 
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Results of HEEP parametric calculations are presented in Table 6 and in Fig. 3. As expected, 
the levelized cost of hydrogen production appears to be very sensitive to the variation of 
financial parameters analyzed, especially when the cost of the NPP component is an important 
fraction of the total cost of the energy complex (Cases 1, 2 and 3). The most sensitive parameter 
that produced the maximum variation in the cost of hydrogen was the discount rate. 

On the other hand, the cost breakup remained almost unchanged for all combinations of 
financial parameters considered. 

 

TABLE 6. RESULTS OF PARAMETRIC CALCULATIONS 

 Levelized cost of hydrogen (US $/kg-H2) 

Case study Nominal value Range of variation 

Case-1 5.47 3.47 – 6.62 

Case-2 4.16 2.76 – 5.02 

Case-3 3.50 2.29 – 4.23 

Case-4 2.25 2.01 – 2.41 

Case-5 2.67 2.41 – 2.83 

 

 

 

 

FIG. 3. Levelized cost of hydrogen production (parametric results). 
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5. DISCUSSION OF CALCULATION RESULTS 

Results of nominal calculation with default values of financial parameters showed the influence 
of the following techno-economic characteristics on the cost of nuclear hydrogen production: 

Size of energy complexes given by the thermal and electrical ratings of nuclear reactors and the 
production rate of the hydrogen generation facilities, through the comparison of Cases 1, 2 and 
3; 

Processes used for hydrogen generation for facilities of similar size, through the comparison 
among Cases 1 (CE), 4 (HTSE), 5 (S–I thermochemical cycle), and 8 (SMR); 

Economical parameters of different countries, through the comparison among the individual 
State Case Studies provided by Japan (Case-6), China (Case-7) and Germany (Case-8). 

The comparative analysis of Cases 1, 2 and 3 showed that the HEEP program was able to predict 
the expected decrease in the hydrogen cost with increasing the size of nuclear reactors and 
hydrogen production plants, making clear the beneficial effect of the scale economy. In fact, 
when the hydrogen production rate was increased by a factor of ~3, from 4 kg-H2/s (Case-1) to 
12.43 kg-H2/s (Case-3), the levelized cost of hydrogen production decreased by a factor of ~1.6, 
from 5.47 US $/kg-H2 to 3.50 US $/kg-H2. 

On the other hand, the comparative analysis of Cases 1, 4, 5 and 8 showed that the cost of 
nuclear hydrogen production depends strongly on the process used for hydrogen generation for 
facilities with similar hydrogen production rates, i.e. 4 kg-H2/s. As expected, HEEP calculation 
results showed that CE appears to be the most expensive method for hydrogen generation while 
a combination of a HTGR with a HTSE facility or a SMR plant seems to be a very promissory 
and competitive alternative for nuclear hydrogen production. 

Finally, the sensitivity analysis carried out for the five Generic Case Studies through parametric 
calculations with different values of financial parameters included in HEEP showed a great 
influence of the discount rate, inflation rate, borrowing interest and tax rate on the cost of 
nuclear hydrogen production, being the discount rate the most sensitive parameter. 
Furthermore, this influence appears to be more significant when the cost of the NPP component 
is an important fraction of the total cost of the energy complex (Cases 1, 2 and 3) while no 
significant influence was found on the cost breakup for all combinations of financial parameters 
considered. 

6. FINAL CONSIDERATIONS FROM THE ANALYSIS OF THE CASE STUDIES 

The benchmark exercise through the calculation of eight Case Studies has proved that HEEP 
software is a suitable and friendly analysis tool for obtaining valuable information about techno-
economics of nuclear hydrogen production. HEEP computational models appeared to be 
sensitive to different technical and economic issues that affect the hydrogen cost such as the 
economy scale, the process used to produce hydrogen and the economic parameters in different 
countries. 

Several troubles related with the assumptions needed to convert the information given to 
participants to HEEP input data, such as the cost of the nuclear fuel, were found during the 
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benchmarking exercise but they could be clarified in the two Technical Meetings. Other minor 
problems related with the format of input data required by HEEP models were solved by the 
software authors in an updated version of the code that was released to the CRP participants. 

In order to enhance the HEEP capabilities, it would be desirable to add to the present HEEP 
database other hydrogen production processes like coal gasification, as well as renewable 
energy production alternatives like solar energy. Additionally, the user program interface and 
the user manual should be improved to increase even more the user friendliness. 

7. ARGENTINA CASE STUDY FOR ANALYSIS WITH HEEP 

7.1. Description 

For this benchmark exercise, it was proposed the coupling between the heavy water CANDU-6 
reactor, located at Embalse Río Tercero, Córdoba, with a co-located hydrogen generation plant 
producing hydrogen by low-temperature electrolysis at a rate of 3.4 kg-H2/s. The Embalse 
CANDU-6 nuclear reactor entered in commercial operation in 1984, running on natural 
uranium fuel, and its lifetime will be extended by 25 years in partnership with Candu Energy 
Inc. 

7.2. Input data 

Input data for the analysis of the Argentina Case Study are given in Tables 7 (nuclear power 
plant details), 8 (hydrogen generation plant details), 9 (financial parameters) and 10 (time 
period details). It has to be pointed out that the costs associated with the construction of the 
CANDU-6 reactor are historical values from the eighties while the high values of the annual 
inflation rate and the borrowing interest rate correspond to the present conditions of the 
Argentina economy. 

 

 

TABLE 7. ARGENTINA NUCLEAR POWER PLANT INPUT DATA 

Parameter Value 
Thermal rating (MW(th)/unit) 2160 
Heat for hydrogen plant (MW(th)/unit) 0 
Electricity rating (MW(e)/unit) 640.0 
Number of units 1 
Initial fuel load (kg/unit) 89 376 
Annual fuel feed (kg/unit) 101 213 
Capital cost (US $/unit) 2.0E+9 
Electricity generating infrastructure (% of CC) 10 
Fuel cost (US $/kg fuel) 148 
O&M cost (% of CC) 4.48 
Decommissioning cost (% of CC) 14.75 
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TABLE 8. ARGENTINA HYDROGEN GENERATION PLANT INPUT DATA 

Parameter Value 

H2 generation (kg/unit) 9.97E+7 

Heat consumption (MW(th)/unit) 0 

Electricity required (MW(e)/unit) 640 

Number of units 1 

Capital cost (US $/unit) 4.0E+8 

Energy usage cost (US $) 0 

Other O&M cost (% of CC) 4 

Decommissioning cost (% of CC) 10 

 

 

TABLE 9. ARGENTINA FINANCIAL PARAMETERS 

Parameter Value 

Discount rate (%) 5 

Inflation rate (%) 9.5 

Equity to debt ratio (% / %) 70 / 30 

Borrowing interest (%) 30 

Tax rate (%) 10 

 

 

TABLE 10. ARGENTINA TIME PERIOD DETAILS 

Parameter Value 

Construction (a) 5 

Operation (a) 40 
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7.3. Calculation results 

The levelized cost of the nuclear hydrogen production through this combination of nuclear 
power plant and hydrogen generation plant is expected to be 4.03 US $/kg-H2. Cost breakup is 
presented in Fig. 4. 

 

FIG. 4. Calculation results of the Argentina Case Study. 

 

7.4. Preliminary conclusions from the HEEP analysis 

Results of HEEP calculations have shown that the levelized cost of nuclear hydrogen 
production in Argentina is in the order of other alternatives that are being also evaluated. In 
fact, a research group conducted an economic evaluation of the hydrogen production by 
conventional low-temperature electrolysis and using wind power for electricity generation in 
areas with capacity factor greater than 35%. The levelized cost of hydrogen production for such 
combination was estimated with the H2A software in the range of 2.8–3.9 US $/kg-H2 without 
considering the costs of hydrogen storage and transportation. Similar evaluations were carried 
out for hydrogen production using solar energy instead of wind power to generate the electricity 
needed for the electrolysis process. From these evaluations, the levelized cost of hydrogen in 
the most beneficial regions located in the mountains of the northern of Argentina was predicted 
to be 3.8 US $/kg-H2. 
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THEORETICAL AND EXPERIMENTAL STUDIES ON THERMOCHEMICAL 
CYCLES BASED ON METALLIC CHLORIDES (ARGENTINA, PART 2) 

D. Nassini, C. Canavesio, H.E. Nassini and A.E. Bohé 
Centro Atómico Bariloche 
Comisión Nacional de Energia Atómica (CNEA) 
Casilla de Correo 138, Avenida Exequiel Bustillo 9500 
R8402AGP Bariloche, ARGENTINA 
 

SUMMARY 

In the framework of the CRP: “Examining the Techno-Economics of Nuclear Hydrogen 
Production and Benchmark Analysis of the IAEA HEEP Software”, a screening analysis of 
thermochemical water-splitting cycles based on metallic chlorides for nuclear hydrogen 
production was carried out as a previous step of performing proof-of-concept experiments. 
Taking into account that methods used for reporting the process efficiencies given in the 
literature by the various researchers are, in many cases, not well defined, it was necessary at 
first to develop a systematic methodology that could be applied consistently for evaluating the 
candidate metallic chlorides thermochemical cycles. Maximum process temperature 
requirements, chemical viability, thermodynamic feasibility and energy efficiency were the 
primary metrics for the comparative analysis. Additional selection criteria were also considered 
such as the number of reactions and/or separation steps in the cycle, the difficulty of process 
due to the bulk movement of solid reactants, the cost and availability of process chemicals and 
the corrosiveness of the process media. 

8. INTRODUCTION 

The potential of hydrogen production using nuclear energy has led the IAEA to carry out an 
active program on the subject, including technical meetings for information exchange on the 
status of nuclear hydrogen production, on future challenges to nuclear hydrogen production 
with emphasis on safety of coupling between nuclear and hydrogen generation plants, and on 
future prospects of hydrogen economy. In this framework, a Cooperation Research Project 
(CRP) was signed between the IAEA and several member states (Algeria, Argentina, Canada, 
China, Germany, India, Indonesia, Japan, the Republic of Korea, Pakistan, the USA) and one 
of their objectives is to establish a network for sharing information and research collaboration 
on nuclear hydrogen production. 

Current methods of hydrogen production like electrolysis of water, fossil fuel reforming and 
gasification of coal, biomass and waste present distinct challenges and limitations which arise 
from the primary difficulty of splitting the water molecule into hydrogen and oxygen, according 
to the following reaction: 

2H2O(l) → 2H2(g) + O2(g) ΔG0(25 ºC) = 237 kJ/mol           (1) 

For any reaction to occur spontaneously, the change in Gibbs free energy (ΔG0) must be 
negative. Therefore, reaction (2.1) does not occur at normal temperatures and the direct thermal 
decomposition of water molecule requires temperatures exceeding 2000 ºC with a high amount 
of thermal energy input. To overcome this energy barrier, a sequence of thermodynamically 
feasible reactions whose sum is the overall reaction of splitting the water molecule can be 
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synthesized on non-toxic, abundant compounds. This sequence is referred as a thermochemical 
cycle as shown in Fig. 5. 

 

 

FIG. 5. Representation of a generic thermochemical cycle for hydrogen production. 

The appeal of thermochemical cycles is that the primary heat from a physical plant, e.g. a high-
temperature gas cooled nuclear reactor with 900–1000 ºC gas outlet temperatures, can be used 
to provide the high process temperatures required for thermochemical reactions, and high-
purity oxygen is produced as a by-product. Furthermore, thermochemical cycles for nuclear 
hydrogen production are expected to get an overall efficiency of about 50% which is quite 
higher than the overall efficiency obtained with the widely used water electrolysis process (27–
32%). 

Taking into account that the majority of proposed thermochemical water-splitting cycles require 
heat supply at temperatures above 800 ºC, several alternative cycles based on metallic chlorides 
are being investigated with the goal of reducing the process temperatures to the order of 500–
700 ºC. Lower operating temperatures reduce the costs of materials and maintenance, and they 
can effectively use low-grade waste heat, thereby improving the cycle and power plant 
efficiencies. 

In this report, a screening analysis of thermochemical water-splitting cycles based on metallic 
chlorides was carried out. Since procedures used for reporting the process efficiencies given in 
the literature by the various researchers are, in many cases, not well defined, it was necessary 
at first to develop a systematic methodology that could be applied consistently for evaluating 
the candidate metallic chloride cycles in a comparative way. Maximum process temperature 
requirements, chemical viability and thermodynamic feasibility were the primary metrics for 
this comparative analysis. Additional selection criteria were considered such as the number of 
reactions and/or separation steps in the cycle, the difficulty of process due to the bulk movement 
of solid reactants, the cost and availability of process chemicals and the corrosiveness of the 
process media. 

Following, the methodology developed was successively applied to the evaluation of the 
limiting energy efficiencies of four metallic chloride-based thermochemical cycles for 
hydrogen production: (1) Iron–Chlorine (Fe–Cl) cycle; (2) Cobalt–Chlorine (Co–Cl) cycle; (3) 
Manganese–Chlorine (Mn–Cl) cycle; and (4) Vanadium–Chlorine (V–Cl) cycle. 

Finally, on the basis of the screening analysis results, the most efficient cycles in terms of 
energy could be identified for further proof-of-concept experiments addressed to assess their 
chemical viability. 
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9. THE SELECTION CRITERIA 

The selection criteria used in the screening analysis of metallic chloride-based thermochemical 
cycles for hydrogen production were: (1) maximum process temperature requirements; (2) 
chemical viability; and (3) thermodynamic feasibility. 

Thermochemical cycles requiring process heat at temperatures higher than 950 ºC were not 
considered for a further analysis. A preliminary assessment of the chemical viability of cycles 
was obtained from the literature: because of the cyclic nature of the chemistry, individual 
reactions should have high yields of the desired products, no significant competing or side 
reactions, and reasonable kinetics. Finally, the thermodynamic feasibility was assessed by 
analyzing the heat and work requirements and the free energy changes for each of the 
thermochemical reactions, using thermodynamic properties of reactants and products involved. 
The definition of the limiting energy efficiency and the methodology used for its calculation 
are given in the next section. 

Additional selection criteria were considered in the screening analysis of cycles, such as: 

The number of reactions and/or separation steps in the cycle: a smaller number of steps is 
expected to reduce the process complexity and cost; 

Number of species in the cycle: a smaller number of species indicates less complexity/cost in 
reactant recovery; 

Cost and availability of process chemicals: cycles which use noble metals with their relatively 
low abundance and high costs are not expected to be competitive; 

Corrosiveness of the process media: improved materials of construction may allow 
consideration of cycles previously dismissed due to this constraint; 

Processing difficulties and higher costs due to the bulk movement of solid reactants: cycles 
where the solid reactants are stationary are preferred. 

10. PROOF-OF-CONCEPT EXPERIMENTS ON WATER-SPLITTING 
THERMOCHEMICAL CYCLES 

Figure 6 shows the experimental set up where the thermochemical reactions were produced 
starting with vacuum conditions using a quartz reactor. The reactor is located inside an electrical 
tubular furnace with a temperature gradient and experiments were carried out at different 
temperatures at the bottom of the reactor during different reaction times. 

10.1. Experimental procedure 

Thermochemical reactions are produced in a closed system (batch reactor) for different 
conditions of reaction temperature (between 650°C and 950°C), system pressure (from 10-4 bar 
to 0.5 bar) and holding time at peak temperature (1–72 hours). 

After certain time of the reaction process, the coolant and furnace are removed in order to arrest 
the reaction at room temperature. In a first step, the presence of HCl in the gaseous phase is 
verified through the formation of a white precipitate of silver chloride in a solution of silver 
nitrate. If analysis result is positive, it means that the thermochemical cycle has begun. 
Secondly, the amount of hydrogen produced is determined as described below. 
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The solid residues of the thermochemical reactions are identified and characterized by a Bruker 
D8 Advance X-Ray Diffractometer (XRD) and a Philips Scanning Electronic Microscopy 
(SEM). 

 

FIG. 6. Experimental setup. 

 

10.2. Determination of the hydrogen produced 

Depending on the planned experiment, the reactor is introduced in a bath of liquid nitrogen with 
the objective to condense all the gaseous species except the hydrogen. This procedure allows 
introduce the H2 into the Gas Cromatograph (GC) avoiding the possibility of its corrosion by 
chlorides. 

An Alltech CTR 1 column and a TCD detector are used for measuring the quantity of H2 present 
in the closed reactor by means of a loop system. 

A calibration curve was obtained in order to measure the amount of hydrogen produced in each 
experimental condition. 

For the overall mass balance, the chemical reaction given by Eq. (1) is expressed as: 

H2O(g) → H2(g) + ½ O2(g)                (2) 

This equation can be expressed in H2O conversion as follows: 

nH2O = nºH2O - xH2O nºH2O → xH2O = (nH2O - nºH2O)/ nºH2O   

where xH2O is the water conversion, nºH2O is the initial number of moles of water and nH2O is the 
final number of moles of water. For the other species, we can write: 

nH2 = nºH2 + xH2O nºH2       

nO2 = nºO2 + 0.5(xH2O nºO2)       
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where nºH2 is the initial number of moles of hydrogen, nH2 is the final number of moles of 
hydrogen, no

O2 is the initial number of moles of oxygen and nO2 is the final number of moles of 
oxygen. 

Since the initial number of moles of H2 and O2 is zero at the initial conditions of all tests, we 
can write the conversion as follows: 

xH2O = nH2/nºH2O       

The initial number of moles of water is calculated according to the amount of reactant loaded 
into the reactor while the final number of moles of hydrogen is measured at the end of tests by 
gas chromatography. 

11. COBALT–CHLORINE CYCLE 

11.1. Starting material 

The solid reactant was a fine powder with 99% purity provided by Cicarelli. It was characterized 
by XRD. The diffractogram obtained indicates that the starting sample was a CoCl2∙6H2O and 
after drying it in vacuum the resulting chloride was CoCl2∙2H2O with a porous surface (Fig. 7). 

 

FIG. 7. (a) XRD spectrum and (b) SEM micrographs with different magnifications of the CoCl2∙2H2O 
after drying in vacuum. 

 

11.2. Reaction conditions 

Thermochemical reactions were produced in a quartz reactor in vacuum conditions. In all 
experiments, a certain amount (200 mg) of CoCl2∙6H2O was firstly weighed. Secondly, the 
reactor was purged with a vacuum pump for two hours up to 10-4 bar. In such conditions, the 
reagent losses two molecules of water staying in the reactor as FeCl2·2H2O that is a pale violet 
powder. 

Afterwards, the reactor was pressurized with argon until the system pressure was 0.5 bar and 
then, it was heated up to reach the temperature selected for the experiment. Around the neck of 
the reactor it was placed a cooling serpentine so that the lubricant sealant did not stick and, by 
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this way, the entrance of air was avoided. In Table 11, it is indicated that when the internal 
pressure and the reaction time increase, the conversion degree achieved also enhances. 

 

TABLE 11. PERCENTAGE OF CONVERSION DEGREE AT 950 °C AND DIFFERENT INITIAL 
SYSTEM PRESSURES 

 Reaction degree (%) @ initial pressure (bar) 

Reaction time (h) 1×10-4 0.5 

24 6 14 

72 21 35 

 

11.3. Analysis of solid residue after reactions 

In the first zone of reactor at lower temperatures, a mixture of CoCl2·6H2O, CoCl2·2H2O and 
CoCl2 was found while, in the second zone at higher temperatures, metallic Co, CoO and some 
CoCl2·2H2O were mostly identified. In Fig. 8, two diffractograms of the products and 
intermediate species of the reactions are shown. 

 

FIG. 8. XRD measurements for the identification of solid products at different locations of the reactor 
at 650 and 950 °C. 

11.4. Reaction mechanism 

From the characterization of different products and intermediate species after producing the 
thermochemical reactions, the most probable reaction mechanism for the Co–Cl cycle is 
expected to be: 

 3CoCl2(s) + 4H2O(g) → Co3O4(s) + 6HCl(g) + H2(g)     

  Co3O4(s) → 3CoO(s) + 1/2O2(g)       

  3CoO(s) + 3H2(g) → 3Co(s)+ 3H2O(g)     
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  3Co(s) + 6HCl(g) → 3CoCl2(s) + H2(g)      

So, the overall reaction is Eq. (2). 

11.5. Specific study on two stages of the Co–Cl cycle 

The main issues of the Co–Cl cycle that need to be analysed are: 

Hydrolysis of CoCl2: low conversion and difficulties with the separation of the product gas; 

Chlorination of Co3O4 or CoO: difficulties in separation between CoCl2 and HCl; 

Thermal decomposition of Co3O4: its kinetics and conversion degree in a closed reactor; 

Reduction of CoO for producing metallic Co. 

11.6. Study on the Co3–O4 decomposition at 950 °C 

By applying the gravimetric method under the same conditions that the thermochemical cycles 
were developed the kinetics of step (Co-3) was followed (Table 12). From these results the 
mass loss for the complete decomposition was reached before five minutes. Furthermore, since 
no traces of the starting reagent were found by the analysis of the solids obtained after thermal 
decomposition tests of Co3O4, it can be concluded that the reaction has been completed at 
950 °C during less than five minutes. 

TABLE 12. GRAVIMETRIC RESULTS OF THE Co3O4 DECOMPOSITION AT 950 °C 

Time (min) Chromatographic 
area 

mo (mg) m (mg) ∆M/mº (%) 

5 8.135 67.85 63.47 6.45 

10 8.012 67.66 63.28 6.48 

15 8.151 68.01 63.63 6.44 

20 8.044 67.46 63.11 6.45 

60 8.142 67.89 63.49 6.48 

120 8.148 67.92 63.53 6.47 

 

Moreover, the oxygen concentration in the reactor observed by gas chromatography is constant 
and does not depend on the reaction time in the range study, confirming that the reaction carried 
out at 950°C was completed after five minutes. 

From gravimetric measurements, analysis of the solids obtained and oxygen produced during 
the Co3O4 thermal decomposition tests, it can be concluded that the reaction was completed at 
950°C in less than five minutes indicating that it is very fast compared with the rate of the whole 
cycle. 



 

72 

 

11.7. Study on the reduction of CoO to metallic Co 

The kinetics of the reduction of CoO was analysed following the evolution of the amount of 
hydrogen consumed. As shown in Fig. 9, it is seen that this reaction is sufficiently rapid at all 
temperatures compared to the hydrogen production cycle kinetics. 

 

FIG. 9. Consumption of hydrogen at different temperatures and reaction times. 

 

The study of the composition of the solids by XRD shows that CoO is reduced to metallic Co 
and at the end of the reaction only it was detected (see Fig. 10). 

 

FIG. 10. XRD diagram of the solid product after completing the reduction of CoO with hydrogen at 
950 °C. 
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11.8. Conclusions on the reaction mechanism 

With the information obtained up to now, it can be asserted that the rate of the decomposition 
reaction of Co3O4 is substantially higher than the rate of the hydrolysis reaction of CoCl2 and it 
is approximately one order of magnitude faster than the reduction of CoO obtained from 
decomposition in the same experimental conditions. Moreover, the chlorination of bare metals 
is very fast with diffusional gas control. 

Accordingly, it can be considered that the hydrolysis of CoCl2 given by equation (Co-1) is the 
determining step of the Co–Cl cycle and it is the most critical reaction to be considered for 
increasing the overall efficiency of the process. 

12. ZINC–CHLORINE CYCLE 

The solid reactant used was a powder of zinc chloride (ZnCl2), which was prepared in-situ. As 
the ZnCl2 is highly deliquescent, in order to control the hydrolysis process of a dry sample, it 
was obtained by the reaction of a piece of metallic zinc with chlorine within the same reactor, 
as shown in Fig. 11. The reactor was purged with a flux of N2 for removing all the chlorine and 
later it was made vacuum with a pump during two hours up to achieve 10-4 bar. Then a measured 
amount of water was introduced into the same reactor and heated to the desired reaction 
temperature. 

 

 

 

FIG. 11. In-situ production of solid ZnCl2 by chlorination of Zn. 

 

After 24 hours at 950 ºC of the reaction of ZnCl2 with water, none of hydrogen production was 
detected and the analysis of the solids shows only the presence of chloride into the reactor (see 
Fig. 12). 
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FIG. 12. XRD diagram obtained from the solid residue of the Zn–Cl thermochemical reaction after 24 h 
at 950 oC. 

 

12.1. Reaction mechanism 

Taking into account that any hydrogen was detected meanwhile the HCl(g) formation has 
occurred, the stages that take place in this cycle can be outlined as follows: 

ZnCl2(s) + H2O(g) = ZnO(s) + 2 HCl(g)      

  ZnO(s) + 2 HCl(g) = ZnCl2(s) + H2O(g)     

The overall reaction is then H2O(g) = H2O(g), indicating that the dissociation of water did not 
occur. 

An important statement to be considered for thermochemical cycles based on metallic chlorides 
can be then asserted: 

`One of the most important conditions for choosing the metallic chloride-based cycle to be used 
for hydrogen production is that the element which forms part of the chloride can produce a 
chemical species (like oxides, chlorides and oxychlorides) with the metallic element in a 
different oxidation state than that from the original chloride`. 
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13. MANGANESE–CHLORINE CYCLE 

13.1. Calculation of the load of manganese 

The manganese chloride used for the study was prepared through direct chlorination of metallic 
manganese. The amount of manganese chloride produced into the reactor should not be greater 
than that used in experiments performed in the other studies. About 60 mg Mn milled reagent 
(Fig. 13(a)) was loaded into the reactor and the atmosphere thereof was conditioned for 
charging chlorine gas (the conditioning of the reaction atmosphere is similar to that used in the 
production of zinc chloride). Chlorine gas was injected into the reactor during 2 hours at a flow 
rate of 5 L/h, then it was decoupled from the gas line of chlorine and transported to the furnace 
where it was carried out the chlorination of Mn at 750 ºC until any metallic residue was 
observed. 

After completing the chlorination reaction stage, we proceeded to remove the residual chlorine 
by continuous argon purge at flow rate between 4 and 5 L/h during 8 hours. Finally we 
proceeded to make vacuum in the reactor for conditioning the atmosphere of reaction and thus 
be able to start the thermochemical reactions. 

This experiment was carried out at a reaction temperature of 950 °C and an initial argon 
pressure of 0.65 bar. Two gas samples were taken out for measuring the hydrogen produced 
during reactions at 24 hours and 72 hours, respectively. The amount of water loaded was similar 
to other studies, about 40 µL, and it was injected through a silicone septum located at the reactor 
top with a chromatographic syringe. Before being injected into the reactor, the water was 
degassed with an ultrasound system to eliminate oxygen that can be dissolved and to avoid 
altering the reaction atmosphere. Water injection was performed with the reactor at the reaction 
temperature desired. 

In Figures 13(b) and 13(c), it can be observed the distribution and colors of the solid residues 
after reactions. Figure 14 shows the XRD diagram obtained from the solid residue were only 
manganese chloride is detected (no oxides or oxychlorides are present) while an important 
amount of hydrogen was measured by gas cromatography. 

 

FIG. 13. (a) Metallic manganese after milling; (b) solid residue as a product of the chlorination of 
metallic manganese; and (c) distribution of solid residues in different zones of reactor. 
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FIG. 14. Analysis of solid residue after reactions. 

 

Based on previous results, the following reaction mechanism is proposed in which steps 2 and 
3 are very fast so that the presence of Mn2O3 is not detectable. It is well known that the 
disproportion reaction 3 is shifted to the left side in an atmosphere without chlorine: 

2MnCl2(s) + 3H2O(g) → Mn2O3(s) + 4HCl(g) + H2(g)     

 Mn2O3(s) + 6HCl(g) → 2MnCl3(s) + 3H2O(g)     

 2MnCl3(g) → 2MnCl2(s) + Cl2(g)      

 Cl2(g) + H2O(g) → 2HCl(g) + ½O2(g)      

Furthermore, the increment of the system pressure was observed to lead to an increase in the 
amount of hydrogen produced. Consequently, the reaction (Mn-3) is expected to be the 
determining step as occurs in the Fe–Cl cycle. Therefore, steps 1 and 2 can be considered in 
chemical equilibrium so that a shift towards higher pressures produces a leftward displacement 
in reaction 2, favoring a higher production of hydrogen at increasing pressures. 

14. VANADIUM–CHLORINE CYCLE 

In view of the results of studies conducted on different metallic chloride-based cycles like Fe–
Cl, Co–Cl and Mn–Cl, it was decided to study the feasibility of the V–Cl cycle that was 
proposed as a new thermochemical cycle for hydrogen production, since vanadium is a 
transition metal and its chemistry is notable for the accessibility to four oxidation states. The 
most common oxidation states of vanadium are +2, +3, +4, and +5. Vanadium oxide (II) is a 
reducing agent while vanadium oxide (V) is an oxidizing agent of vanadium oxide (IV). 
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14.1. Preparation of vanadium tetrachloride: 

In the first stage of the V–Cl cycle, vanadium tetrachloride (VCl4) was synthesized as a 
precursor material. Metallic vanadium was used as starting reagent (Figure 15(a)) and the 
procedure of preparation with chlorine gas was similar to that previously explained. In 
Fig. 15(b), the VCl4 obtained by chlorination of metallic vanadium can be observed. It was 
produced at 350 °C and was maintained at this temperature over a period of 60 minutes to 
ensure complete reaction. After this time, at the bottom of reactor no remnants of the metalllic 
vanadium initially charged were observed. 

After obtaining the VCl4, the reactor was purged with argon gas in order to remove the excess 
of chlorine from the atmosphere. To perform this operation, the reactor was subjected to a 
steady flow of argon with a flow rate of 10 L/h during 12 hours. In Fig. 15(c), it can be seen 
that the non-reacted chlorine was completely removed from the reactor, but it can be also 
observed that the initial VCl4 has changed its color due to the decomposition of VCl4 at 25 °C, 
according to the following equation: 

 VCl4(l) → VCl(g) + ½O2(g)     

At room temperature, the reaction is not predicted to be complete and, therefore, at the 
beginning of thermochemical cycle there is a mixture of both chlorides VCl4 and VCl3 into the 
reactor. 

 

FIG. 15. (a) Shavings of metallic vanadium used in the preparation of VCl4; (b) production of liquid 
VCl4 through the chlorination of metallic vanadium; and (c) dismutation products produced after 
eliminating the chlorine. 

 

Before adding water into the reactor, vacuum was produced until the system pressure reached 
10-4 bar, then argon was introduced to obtain a final pressure of 0.65 bar at room temperature. 
After that, degassed water was injected into the reactor preheated at 950 °C through a septum 
of 60 µL. 

After thermochemical reactions were finished, the reactor was removed from the furnace and 
rapidly cooled with liquid air. The amount of hydrogen produced by the cycle was measured 
by gas chromatograph that gave a positive signal for hydrogen, as shown in Fig. 16 for two 
samples taken off the reacting system. 
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FIG. 16. GC measurements of the amount of hydrogen in two samples extracted from the reactor at 
different reaction times. 

 

Finally, photographs of the reactor after proof-of-concept experiments are presented in Fig. 17 
where the distribution of solid products along the reactor walls can be seen. The solids obtained 
were analysed but the information provided by chemical analysis was not useful for decisive 
conclusions about the reaction mechanism since the solids were observed to react with the moist 
air incoming into the system. This indicates that the products are very hydroscopic and highly 
reactive with oxygen. So, the solid samples has to be handled in a glove box with inert and dry 
atmosphere and further prepared for XRD measurements in a special sample holder. 

 

 

 

FIG. 17. Distribution of solid products on the reactor walls after 24 hours at 950 °C. 
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14.2. Reaction mechanism 

The following reaction mechanism is proposed for the V–Cl cycle, based on the visual 
inspection of solid products distributed along the reactor walls: 

2VCl2(s) + 3H2O(g) → V2O3(s) + 4HCl(g) + H2(g)     

  V2O3(s) + 6HCl(g) → 2VCl2(s) + 3H2O(g) + Cl2(g)     

  Cl2(g) + H2O(g) → 2HCl(g) + ½O2(g)      

So the overall reaction is 

  H2O(g) → H2(g) + ½O2(g) 

 

15. VANADIUM–CHLORINE CYCLE 

Figure 18 shows the curves of conversion degree vs. reaction time for the four metallic chloride-
based thermochemical cycles tested in our proof-of-concept experiments. As can be seen, the 
best response in terms of hydrogen yield was obtained with the Fe–Cl and V–Cl cycles. It can 
be also observed that the feasibility of production of hydrogen through metallic chloride-based 
thermochemical cycles increases when the metals used exhibit multiple oxidation states and the 
possibility of forming intermediate and mixed oxides. 

 

 

FIG. 18. Curves of conversion degree vs. time for the four metallic chloride-based thermochemical 
cycles. 
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16. COMPARATIVE EVALUATION OF THE THERMAL ENERGY EFFICIENCIES OF 
THERMOCHEMICAL CYCLES 

16.1. Energy efficiency definition: 

The energy efficiency of the thermochemical cycle is defined as follows: 

𝜂 =
∆  ( )

/ .
            

where ΔH25°C is the standard enthalpy of the formation of water at 25 °C: 285.8 kJ/mol for the 
higher heating value (HHV) and 241.8 kJ/mol for the lower heating value (LHV), Qhot is the 
total heat supplied to the process, and W/0.5 is the thermal equivalent for the total work put into 
the process and assuming 50% efficiency for conversion. The evaluation of the energy 
efficiency is normalized for the production of 1 mol of hydrogen. The liquid water is presumed 
to enter at 25 °C and both H2 and O2 are assumed to leave the process at 25 °C and atmospheric 
pressure. 
 

16.2. Estimation of the total heat (Qhot) 

The term Qhot is the sum of two heat components: 

Net heat input available for driving the thermochemical reactions. It results from an overall 
enthalpy balance of the cycle by decompossing the global cycle in a series of elementary steps 
and calculating the enthalpy change for each elementary step. 

Heat rejected that comprises the amount of heat that cannot be recovered or recycled internally. 
It is calculated by performing a pinch analysis where the various hot and cold process streams 
are matched on the basis of a minimun temperature difference force of 10 °C. 
 

16.3. Evaluation of the external work (W) 

The term W involves two types of external work: 

Ideal work of separation that is symply defined by the Gibbs energy of mixing or the minimum 
energy required for the separation of the product streams; 

Chemical portential work required by a given reaction that can be defined as the positive Gibbs 
free energy change (no credit is taken when the Gibbs free energy is negative). 
 

16.4. Thermochemical cycles considered for the energy efficiency evaluation 

Iron–Chlorine cycle (Mark-15): 

3FeCl2(l) + 4H2O(g) → Fe3O4(s)+ 6HCl(g) + H2(g)  T = 925ºC   

  Fe3O4(s) + 8HCl(g) → FeCl2(s) + 2FeCl3(s) + 4H2O (g)  T = 125ºC   

  2FeCl3(g) → 2FeCl2(s) + Cl2(g)   T = 425ºC   
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  Cl2(g) + H2O(g) → 2HCl(g) + ½O2(g)  T = 925ºC   

 

Cobalt–Chlorine cycle: 

3CoCl2(s) + 4H2O(g) → Co3O4(s) + 6HCl(g) + H2(g)  T = 700 ºC   

  Co3O4(s) → 3CoO(s) + ½O2(g)   T = 700 ºC  

  3CoO(s) + 3H2(g) → 3Co(s) + 3H2O(g)  T = 700 ºC  

  3Co(s) + 6HCl(g) → 3CoCl2(s) + 3H2(g)  T = 700 ºC   

 

Manganese–Chlorine cycle: 

Cl2(g) + H2O(g) → 2HCl(g) + ½O2(g)  T = 850 ºC  

  Mn2O3(s) + 6HCl(g) → 2MnCl3(s) + 3H2O(g)   T = 850 ºC   

  2MnCl2(s) + 3H2O(g) → Mn2O3(s) + 4HCl(g) + H2(g)  T = 640 ºC   

  2MnCl3(g) → 2MnCl2(s) + Cl2(g)  T = 640 ºC   

 

Vanadium–Chlorine cycle (Knoche-3 steps): 

  Cl2(g) + H2O(g) → 2HCl(g) + ½O2(g)  T = 650ºC  

  V2O3(s) + 6HCl(g) → 2VCl3(s) + 3H2O(g) + Cl2(g)  T = 300ºC  

  2VCl2(s) + 3H2O(g) → V2O3(s) + 4HCl(g) + H2(g)  T = 650ºC  

 

Vanadium–Chlorine cycle (De Beni-4 steps): 

  Cl2(g) + H2O(g) → 2HCl(g) + ½O2(g)  T = 577ºC  

  2VCl2(s) + 2HCl(g) → 2VCl3(s) + H2(g)    T = 25ºC   

  4VCl3(s) → 2VCl4(g) + 2VCl2(s)   T = 682ºC   

  2VCl4(l) → Cl2(g) +2VCl3(s)   T = 25ºC   
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TABLE 13. RESULTS OF ENERGY EFFICIENCY EVALUATION OF CYCLES 

Thermochemical cycle Maximum energy efficiency expected (%) 

based on LHV based on HHV 

Fe–Cl 24 28 

Co–Cl 23 27 

Mn–Cl 23 27 

V–Cl (Knoche-3 steps) 26 31 

V–Cl (De Beni-4 steps) 69 72 

 

From results of theoretical and experimental evaluation of metallic chloride-based cycles given 
in Table 13 and Fig. 18, respectively, it can be concluded that Fe–Cl cycle, Co–Cl cycle and 
V–Cl cycle seem to be the most promising processes to produce nuclear hydrogen by water-
splitting thermochemical cycles, both in terms of hydrogen yield and energy efficiency. 

In future works, it would be important to achieve higher system pressures by improving the 
design and materials of chemical reactors in order to enhance the hydrogen production. It is 
also significant to study in more detail the reaction mechanism of the V–Cl cycle to understand 
how each cycle step can be optimized for achieving a better performance of the whole process. 

 

 

 



 

83 

 

FINAL REPORT ON THE NUCLEAR HYDROGEN PRODUCTION ASSESSMENT 
TOOL: HEEP (CANADA) 
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1. INTRODUCTION 

The HEEP software is designed to analyse the technical aspects and economics of the four most 
promising processes for hydrogen production: high and low temperature electrolysis, 
thermochemical processes including the sulfur–iodine (S–I) cycle, conventional electrolysis 
and steam reforming. This research proposes to extend the available choices in this software to 
the copper–chlorine (Cu–Cl) cycle as a promising moderate temperature thermo-chemical 
method of hydrogen production. 

Extended programing of HEEP will be carried out in three modules: (i) Pre-processing module 
for providing data; (ii) Executing module estimate levelized costs of hydrogen generation; and 
(iii) Post-processing module for viewing results generated by HEEP. The pre-processing 
module and post-processing module can be developed in previously used Microsoft Visual 
Basic for providing a user-friendly GUI. The pre-processing module provides a user-friendly 
interface to enter technical details, chronological inputs and cost components of each of the 
three expected utilities: (a) nuclear energy generation, (b) hydrogen generation and storage, and 
(c) hydrogen transportation. The execution module calculates the levelized cost for generation, 
storage and transportation of hydrogen. The post-processing module can be programmed to 
display results delivered by an execution engine in various graphical options. The HEEP 
modeling includes various aspects of the hydrogen economy including storage, transport and 
distribution with options to eliminate or include specific details as required by the users. 

There are three key variations of the Cu–Cl cycle to be considered: 5-step, 4-step and 3-step 
cycles. The Cu–Cl cycle performs a sequence of reactions to achieve the overall splitting of 
water into hydrogen and oxygen. Using intermediate copper–chlorine compounds, the cycle 
decomposes water into hydrogen and oxygen, in a closed internal loop that recycles all 
chemicals on a continuous basis. All intermediate steps and each type of cycle will be modeled 
in a post-processing module and visualized with the software. 

Determination of the necessary investment and capital costs is an important step before 
construction on any industrial process. The total investment for any process consists of the 
fixed-capital investment for the physical equipment and facilities in the plant, plus the working 
capital for cash flow that must be available to pay salaries, maintain inventory and handle other 
special items requiring a direct cash outlay. Therefore, detailed consideration will be given to 
the analysis of costs in an industrial design process, as it involves capital costs, manufacturing 
costs and general expenses such as income taxes. Consistent estimation techniques will be 
utilized so that different alternatives can be compared on the same basis, and comparisons can 
be made between projects. Federal or local governments may have regulations and restrictions 



 

84 

 

that have a direct effect on industrial costs. Therefore, governmental policies with respect to 
capital gains, effects of governmental regulations on cost, and gross earnings tax, can be 
included when costs are determined. Accounting procedures and methods for determining the 
depreciation costs vary among different companies. The IAEA regulations and policies will be 
taken into account. 

In another aspect of the project, a comparative environmental analysis of the Cu–Cl water-
splitting cycle with various other hydrogen production methods will be conducted: the sulfur–
iodine S–I water splitting cycle, high temperature water electrolysis, conventional steam 
reforming of natural gas and hydrogen production from renewable energy. Life cycle 
assessment as an analytical tool to identify environmentally critical phases during the life cycle 
of a system or a product and/or evaluate and decrease the overall environmental impact of a 
system or a product will be applied. The main objective will be to conduct a life cycle 
assessment to investigate the environmental impacts of nuclear based hydrogen production via 
thermochemical water splitting using the Cu–Cl cycle. The analysis considers three-, four- and 
five-step nuclear-based Cu–Cl cycles for hydrogen production and examines four CML1 2001 
impact categories: acidification potential (AP), eutrophication potential (EP), global warming 
potential (GWP) and ozone depletion potential (ODP). Also, the effects on the results can be 
investigated by varying two key system parameters: plant daily hydrogen production capacity 
and plant lifetime. 

An exergoeconomic analysis of the Cu–Cl cycle driven by nuclear energy is another proposed 
capability of HEEP software. The thermodynamic loss rates will be reported in detail for the 
cycle for its economic performance assessment. The exergoeconomic analysis, which is based 
on exergy along with cost accounting, gives a better perspective on the energy systems. It gives 
a more accurate analysis of the production cost of a process. 

2. NUCLEAR HYDROGEN PRODUCTION 

Most of the world energy demand is still covered by conventional fossil fuels which are major 
contributor, with negative impact, on the global warming [1]. Besides the environmental 
unbalance caused by using fossil fuels that depletes the atmospheric oxygen, it also causes 
geopolitical conflicts and limits the access of next generations to a clean environment [2]. In 
order to achieve the commitments of Kyoto protocol with limiting greenhouse gases emissions, 
development of clean mechanisms and technologies and potential options with more 
environmentally benign fuels and fuel production methods have been considered [3]. 

Hydrogen economy has been considered late 1960s and the interest in delving into hydrogen 
technology increased with the oil crisis at the first half of 1970s. Figure 1 shows the possible 
routes for producing hydrogen from water using nuclear heat and power energy. The figure 
shows the water splitting technologies that generate non-carbon hydrorgen. It also shows the 
carbon-based hydrogen generation methods utilizing fossil fuels through gasification and 
reforming technologies using nuclear heat. The generation IV of nuclear reactors gives more 
potential to nuclear hydrogen production path as it co-produces high temperature process heat 
and electric power [4]. 

                                                 

1 CML = Centrum voor Milieuwetenschappen Leiden (Institute of Environmental Sciences is an institute within 
the Faculty of Science of Leiden University) 
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Nuclear hydrogen generation through thermochemical water splitting cycles is one of the most 
promising methods for green nuclear hydrogen production. As indicated in Fig. 1, heat is the 
only energy supplied to thermochemical cycles. Water is consumed as it decomposes into 
oxygen and hydrogen streams through a closed sequence of chemical reaction. All chemicals 
involved in the reactions of any thermochemical cycle are completely recycled. The interest in 
thermochemical cycles for nuclear hydrogen production started early 1960s. It is suitable for 
large scale production of hydrogen. Sulfur–iodine (S–I) is a pure three step thermochemical 
cycle that requires heat at temperature higher than 800 °C and up to 900 °C or 1000 °C to 
operate. It can operate at efficiency of up to 56% [5]. Figure 2 shows a schematic of the cycle 
with its three chemical reactions. The first chemical reaction in this cycle is the Bunsen reaction 
that produces hydriodic acid, HI and sulfuric acid, H2SO4, under relatively low temperature. HI 
acid gets into the second reaction which is high temperature decomposition reaction producing 
hydrogen. The third reaction is high temperature decomposition of H2SO4 produced from 
Bunsen reaction. This reaction produces SO2, H2O and O2 that are utilized in the solid catalyst 
[6]. 

 

FIG. 1. Methods of nuclear hydrogen production [7]. 

Hybrid sulfur cycle (HyS) is one of the promising hybrid electro-thermochemical cycles for 
nuclear hydrogen production. It is under development since 1975 when the cycle was patented 
by Westinghouse. It is a two-step water splitting process. In this cycle, electrochemical reaction 
of SO2 and H2O producing hydrogen is one step, and the other step is a thermochemical 
decomposition shared with the conventional S–I cycle. Figure 3 shows a schematic of the two 
processes of HyS cycle. A modified cycle is developed in Japan where the maximum 
temperature range of the cycle is reduced from 800 °C to 500–700 °C [8]. Another promising 
hybrid cycle is the copper–chlorine (Cu–Cl) cycle which was first developed in 1970s. It is a 
medium temperature cycle operating around 550 °C in three to five steps of thermochemical 
and electrochemical steps in different configurations. This efficiency of this cycle is calculated 
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at about 40% [9]. Cu–Cl cycle is studied and examined by Argonne National Laboratory (ANL), 
Atomic Energy of Canada Ltd. (AECL) and the French Atomic Energy Commission (CEA) 
with collaboration with different research institutes. A schematic of a five steps Cu–Cl cycle 
can be seen in Fig. 4. 

 

FIG. 2. Schematic of sulfur–iodine (S–I) thermochemical cycle [10]. 

 

FIG. 3. Schematic of the hybrid sulfur (HyS) cycle [11]. 

 

FIG. 4. The 5-steps Cu–Cl thermochemical cycle [12]. 
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There are other several thermochemical and hybrid thermochemical cycles are under research 
for efficiently integrating nuclear heat and power to hydrogen production. Figure 5 shows a 
three-step magnesium–chlorine (Mg–Cl) cycle which includes hybrid thermochemical-
electrochemical process for water splitting. This cycle is convenient for integration with nuclear 
power as it operates at about 500 °C. The efficiency of Mg–Cl cycle was reported as 37.4% in 
[3]. 

 

 

 

FIG. 5. Mg–Cl thermochemical cycle, modified from [7]. 

 

 

3. STUDY OF FIVE DIFFERENT GENERIC CASES USING HEEP FOR HYDROGEN 
PRODUCTION COST ASSESSMENT 

HEEP considers analysing the cost of nuclear hydrogen production taking scenarios of storage 
and transportation in to account in four different facilities: Nuclear Power Plant (NPP), 
Hydrogen Generation Plant (GH), Hydrogen Storage (HS) and Transportation in pipelines or 
trucks. For each facility, three sets of data are required: Technical, chronological and cost data. 
In Table 1, the main features of the nuclear power plant and hydrogen production facilities are 
listed for the five different cases considered. In Table 2, the main economic and financial 
parameters used in the presented study are listed. For the presented cases, cost of hydrogen 
production considering the nuclear power plant and hydrogen generation plant are presented in 
Fig. 6. The results in Fig. 7 show the cost share of the nuclear power plant and the hydrogen 
generation plant in the total production cost. 



 

88 

 

TABLE 1. MAIN FEATURES REQUIRED BY HEEP 

Cases Case-1 Case-2 Case-3 Case-4 Case-5 

Nuclear power plant APWR APWR APWR HTGR HTGR 

Nuclear power plant 
configuration 

2×359.5 
MW(e) 

2×719 
MW(e) 

2×1117 
MW(e) 

2×509.3 
MW(th) 

2×630.7 
MW(th) 

Capacity factor (%) 93 93 93 90 90 

Availability factor (%) 100 100 100 100 100 

Construction period (a) 5 5 5 3 3 

Operating life (a) 40 40 40 40 40 

Cooling before 
decommissioning (a) 

2 2 2 2 2 

Decommissioning period 
(a) 

10 10 10 10 10 

Spent fuel cooling period 
(a) 

2 2 2 2 2 

Waste cooling period (a) 2 2 2 2 2 

Capital cost (M$) 6310 9313 11 928 804.6 1210 

Annual fuel cost (M$) 34.96 51.60 66.09 38.24 69.73 

O&M cost (M$) 194.9 154.8 198.28 46.95 21.97 

Decommissioning cost  2.8% of CC 2.8% of CC 2.8% of CC 94.02 M$ 101 M$ 

Hydrogen production 
plant 

CE CE CE HTSE S–I 

Rated hydrogen 
generation (kg/s) 

4 8 12.43 4 4 

Non-process electricity 
(MW(e)) 

- - - - 42.8 

Construction period (a) 5 5 5 3 3 

Operating life (a) 40 40 40 40 40 

Cooling before 
decommissioning (a) 

2 2 2 2 2 

Decommissioning period 
(a) 

9 9 9 9 9 

Capacity factor (%) 93 93 93 90 90 

Availability factor (%) 100 100 100 100 100 

Capital cost (M$) 422.6 845.2 1131.3 458.5 666.2 

O&M cost (M$) 16.90 33.81 52.52 79.04 44.52 
APWR: Advanced water reactor   HTGR: High temperature gas cooled reactor   
HTSE: High temperature steam electrolysis  IS: Sulfur–iodine thermochemical cycle 
CE: Conventional electrolysis    CG: Compressed gas     PL: Pipeline 
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TABLE 2. MAIN ECONOMIC AND FINANCIAL PARAMETERS 

Economic parameters Value 

Inflation rate 1.9% 

Total tax rate 38.9% 

Return on equity 10% 

Equity : debt 100% : 0% 

Plant lifetime 40 years 

Property insurance 2% 

Cost of demineralized water 0.001442 US $/L 

Cost of grid electricity 0.06 US $/kWh 

 

 

FIG. 6. Hydrogen production cost considering NPP-HG plant for different cases. 

 

FIG. 7. Contribution of NPP and HG plants in the cost of hydrogen generation. 
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It was noticed when running HEEP that if you run the software with all facilities are active 
(NPP-HG-Storage-Transportation) and then deactivate (Transportation and/or Storage) 
modules, the software still counts for (Transportation) option in the presented results. HEEP 
sometimes closes when trying to generate report, or when activating/deactivating storage or 
transportation facilities. If you activate the usage or electric load from the Nuclear power plant, 
10% of the capital cost is added to in the NPP column for the power generation facility. If the 
users change the electric load to zero, the 10% needs to be adjusted to zero manually. It would 
be better if a message pops up regarding this issue. The unit of capital cost of the hydrogen 
generation plant should be corrected from $/kg to $. 

4. HEEP FOR HYDROGEN PRODUCTION COST ASSESSMENT 

The Hydrogen Economic Evaluation Programme (HEEP) is developed as a specific software 
by the International Association of Atomic Energy with collaboration with the Bhabha Atomic 
Research Centre (BARC) in India [13]. In HEEP, different scenarios of storage, i.e. compressed 
gas, liquefaction and metal hydride, and transportation in pipelines or vehicles system are 
integrated to be able to evaluate the effect of the design, duration, quantity and delivery 
condition on the cost estimate. Figure 8 shows the different scenarios of storage and 
transportation of the generated hydrogen, from nuclear power plant to delivery of the product. 

 

 

FIG. 8. Analysis scenarios considered in HEEP [11]. 

 

5. COUNTRY BASED CASE STUDIES 

HEEP software is designed to analyse the technical aspects and economics of the most 
promising processes for hydrogen production. In this section, two different sections are 
introduced. First, a comparative assessment of the different case studies provided by different 
countries, i.e. Japan, China, Germany and Canada, is presented. The second section is 
presenting different hydrogen production technology to be integrated with the CANDU 
technology that is developed and utilized in Canada. 

The Canadian EC6, or the enhanced CANDU6 reactor, is mainly designed for electricity 
production. In general, CANDU6 is considered the only commercialized reactor with 
adaptability and flexibility in the fueling arrangements. Fuel alternatives starts from recovered 
or reprocessed uranium fuel to advanced fuel like thorium and actinides. 
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Current CANDU reactors (CANDU6 and EC6) produce nuclear heat at 302 °C. Heat upgrading 
has to be performed to increase the temperature to the range of operating temperature of current 
thermochemical cycles. Integration of heat pump with the system to upgrade the nuclear heat 
is proposed and studied in by several researchers. Zamfirescu et al. [14, 15] discussed the 
potential of internal heat recovery from thermochemical cycles integrated with nuclear power 
plant. In their study, the feasibility of using cuprous chloride (CuCl) as a working fluid in a new 
high temperature heat pump with vapor compression is analysed. The heat pump is integrated 
with a copper–chlorine (Cu–Cl) thermochemical water splitting cycle for internal heat recovery, 
temperature upgrades and hydrogen production. The minimum temperature of heat supply 
necessary for driving the water splitting cycle can be lowered because the heat pump increases 
the working fluid temperature from 755 K up to ∼950 K, at a high coefficient of performance 
(COP) of ∼6.5. This new heat pump with CuCl as a working fluid can be attractive in other 
industrial contexts where high temperature heat is needed. One may replace a common heating 
technology (combustion or electric heating) with the present sustainable method that uses heat 
recovery and high efficiency temperature upgrading for heating applications. 

On the other hand, there is a great potential of nuclear hydrogen production utilizing the heat 
from Gen-IV CANDU Mark 2, heavy water moderated SCWR, which is under development by 
AECL Canada. The new reactor is designed to provide heat up to temperature of 600 °C. 
Granovskii et al. [16] proposed a chemical heat pump system integrated with SCW-CANDU 
which is able to upgrade the temperature level such that it provides the required heat input to 
thermochemical water splitting cycles. Figure 9 shows the chemical heat pump integrated with 
the SCW-CANDU steam power plant cycle as proposed in [16] and shows properties at each 
state point of the cycle. 

In this report, the heat, work and power calculations are made with respect to each hydrogen 
production technology considered with the integration of the chemical heat pump into the steam 
power plant. In the analysis (and as shown in Table 3), four units of 2084 MW(th) SCW-
CANDU are considered. For each unit, the heat pump is producing 159.58 MW(th) of upgraded 
heat at temperature of 800 to 1000 °C and this utilized part of the generated power. The net 
power generated is calculated as 629.88 MW for each unit. The required power for hydrogen 
production is directed to the hydrogen production plant and the rest is directed to the grid. For 
further analysis, the proposed heat pump is under study for tuning the upgraded heat to power 
ratio for better adaption to hydrogen production purposes. The cost of the chemical heat pump 
for heat upgrade is estimated based on the system components and the power generation section 
integrated with the heat pump cost is calculated as 243.77 M$ for one unit of 2084 MW(th) of 
SCW-CANDU reactor. This represents 12.2% of the total capital cost of the nuclear reactor. 

Comparative Study of the Generic Cases: 

The main operating and cost parameters of the nuclear power plants and the integrated hydrogen 
generation plant are listed in Tables 4 and 5. The electricity rating provided in the table is 
adjusted based on the thermal power required for hydrogen production and the thermal 
efficiency of the reactor. The results of the cost assessment of the four cases are shown in Table 
6. More detailed results regarding the shares of the nuclear power plant and the hydrogen 
generation plant are illustrated in Fig. 10. The percentages of the nuclear power plant (NPP) 
and the hydrogen generation plant (HGP) in the respective costs are shown in Fig. 11. 
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FIG. 9. Chemical heat pump integrated with the steam circuit of a SCW-CANDU reactor [16] 

 

 

TABLE 3. OPERATING AND COST PARAMETERS FOR SCW-CANDU NUCLEAR HYDROGEN 
PRODUCTION PLANTS 

Two units of 2048 MW(th) CANDU nuclear power plant 

1 unit of H2 plant S–I HyS Cu–Cl (3step) Cu–Cl (5step) 

Heat consumption 
(MW(th)/unit) 

638.36 638.36 638.36 638.36 

Power consumption 
(MW(e)/unit) 

0.00 181.44 266.89 273.35 

H2 generation rate 
(kg/a/unit) 

0.75×108 1.24×108 1.31×108 1.34×108 

Capital cost (M$/unit) 189.75 326.88 395.07 400.23 

O&M cost (% of CC) 7.0 6.8 7.0 7.0 

Decommissioning cost  
(% of CC) 

10 10 10 10 

Capacity factor (%) 90 90 90 90 

Availability factor (%) 100 100 100 100 
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TABLE 4. TECHNICAL DATA REACTORS FOR THE CASES CONSIDERED IN THIS REPORT 

 JAPAN 
GTHTR300 

CHINA  
HTR-PM 

GERMANY 
HTR-SR 

CANADA 
CANDU 

Nuclear power plant     

Reactor type PMR HTGR HTR SCW-
CANDU 

Thermal rating (MW(th)/unit) 600 250 170 2084 

Heat for H2 plant 
(MW(th)/unit) 

170 230 65.3 159.59 

Electricity rating 
(MW(e)/unit) 

202.014 0 21.3 629.88 

Capacity factor (%) 90 90 90 90 

Availability factor (%) 100 100 100 100 

Thermal efficiency (%) 46.98 - 20.34 32.2 

Number of units 1 2 2 4 

Initial fuel load (kg/unit) 7090 5900 2396 87 552 

Annual fuel feed (kg/unit) 1773 1500 767 126 000 

Capital cost (M$/unit) 547 500 815 2243.77 

Electricity generation capital 
cost (% of CC) 

66 - 10 12.2 

Fuel cost ($/kg) 5800 4800 22916 137.2 

O&M cost (% of CC) 3.81 3.81 4.0 4.21 

Decommissioning cost  
(% of CC) 

10 10 3.5 14.75 
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TABLE 5. SPECIFICATION OF THE HYDROGEN PRODUCTION PLANT FOR THE THREE 
GENERIC CASE STUDIES FOR JAPAN, CHINA and GERMANY 

 JAPAN  
GTHTR300 

CHINA  
HTR-PM 

GERMANY  
HTR-SR 

Hydrogen generation technology S–I S–I SR 

H2 generation rate (kg/year/unit) 1.83×107 4.3×107 5.9×107 

Capacity factor (%) 90 90 90 

Availability factor (%) 100 100 100 

Heat consumption (MW(th)/unit) 170 450 65.3 

Electricity consumption (MW(e)/unit) 23 20 33 

Number of units 1 1 1 

Capital cost (M$/unit) 186 200 (a) 

Energy usage cost (M$/unit) (b) 10.5 11.367 

O&M cost (% of CC) 5.46 5.46 7.78 

Decommissioning cost (% of CC) 10 10 10 

Construction (a) 3 3 3 

Operation (a) 40 40 40 

Cooling before decommissioning (a) 2 2 2 

Decommissioning (a) 10 10 10 

Refurbishment (a) 1 1 1 

Spent fuel cooling (a) 2 2 2 

Waste cooling (a) 10 10 10 

Discount rate (%) 5 5 10 

Inflation rate (%) 0 1 2.1 

Equity : Debt (%) 0:100 70:30 100:0 

Borrowing interest (%) 5 10 3.85 

Tax rate (%) 0 10 23.8 

Depreciation period (a) 20 20 20 

(a) Included in the NPP capital cost 
(b) Included in the total electric power required 
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TABLE 6. PERFORMANCE PARAMETERS AND THE BASE CASE RESULTS 

 JAPAN  CHINA  GERMANY  

Nuclear power plant    

Thermal efficiency (%) 46.98 - 20.34 

Hydrogen production (kg/MWh(th)) 12.28 10.90 102.8 

Heat to Hydrogen efficiency (%) 48.6 43.02 78 

Hydrogen cost (US $/kg) 2.46 3.78 3.61 

 

 

FIG. 10. Hydrogen production cost for the case studies. 

 

FIG. 11. Cost share percentages for the different case studies. 
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Integrating Advanced Hydrogen Production Technology with SCW-CANDU reactor: 

In Table 3, the scenarios of integrating four different technologies for nuclear hydrogen 
production are proposed, and the results of the cost assessment are shown in Fig. 12, The 
percentage of the nuclear power plant (NPP) and the hydrogen generation plant (HGP) in the 
cost is shown in Fig. 13. 

 

FIG. 12. Hydrogen production cost considering different technologies with SCW-CANDU. 

 

FIG. 13. Cost share percentages for the different SCW-CANDU case studies. 

 

6. HEEP TECHNICAL ISSUES 

The research group at the Clean Energy Research Laboratory (CERL) at the University of 
Ontario Institute of Technology, performed several case studies on HEEP. They experienced 
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some issues and technical difficulties that may interfere with the smoothness of the analysis 
process. These issues are presented and discussed in the following points: 

The unit of capital cost of the hydrogen generation plant should be corrected from $/kg to $. 
The given unit is also not appropriate based on the given cost in the generic cases provided in 
the current version of the software (cost is provided in hundred millions of dollars). 

If user activates the usage of electric load from the Nuclear power plant, a 10% of the capital 
cost is added to in the NPP column for the power generation facility. However, if you change 
the electric load back to zero, the 10% needs to be adjusted to zero manually. It would be better 
if a message pops up regarding this issue. 

If user runs HEEP with all facilities are active (NPP-HG-Storage-Transportation) and then 
deactivate (Transportation) module; the software still counts for (Transportation) option in the 
updated results. This can be noticed in the report, too. 

The software sometimes crashes when trying to generate a report of the results. 

The software sometimes crashes when activating/deactivating storage or transportation 
facilities. 

Changing the Hydrogen generation capacity doesn’t change the capital cost of the plant 
(considering the correction of the unit of capital cost to $ instead of $/kg). 

Storage capacity need to be manually updated if changed with the hydrogen generation 
capacity. 

Warning message should popup when Pipeline option is considered with Metal Hydride or 
Liquefaction storage option as it won’t be applicable. 

When opening a saved case, the options to change the current facility of hydrogen generation 
are not active. It would make performing comparative studies easier. 

 

7. POTENTIAL OF TECHNICAL IMPROVEMENT OF HEEP 

Modules improvements: 

Add the Thermal Efficiency as an input for NPP: In the current version, thermal efficiency is a 
calculated based on the given rated thermal power and electricity generated as data input. This 
option will make it easier to perform Efficiency Assessment of the systems. 

Electricity Required by Transportation and Storage Modules: The software doesn’t show if the 
Electric Power required to operate these two facilities with their accessories will be draw from 
extra power provided by the Nuclear Power Plant, or it will be utilizing Grid Electricity with 
the provided grid price. 

Integration, co-generation and multi-generation: 

There is great potential to consider adding a module for Desalination using the experience of 
IAEA software DEEP; 
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Considering Process and/or Domestic Heat gives a wider prospective of the applicability and 
increase the value gained from the software package. 

Environmental assessment: 

Different sustainability and environmental assessment factors have been introduced to the 
energy system field during the last decade, considering these factors in the presented results 
would require a simple integration of the assessment modules to the current version of the 
software. This can apply to such other options that consider the weight factors of each integrated 
module. 

Financial factors: 

One of the main financial factors to be integrated with the current version is the Carbon Tax 
factor. This is already introduced in the concise yet efficient tool HydCalc which is recently 
released by the Agency. However, integrating this factor with HEEP would be more beneficial. 
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SUMMARY 

Techno-economics is a very crucial factor to be studied for the prospect of nuclear hydrogen 
production. In China, the high temperature gas-cooled reactor (HTGR) technology has been 
studying since 1970’s; currently, the first commercial pebble-bed modular HTGR (HTR-PM) 
power plant is being constructed. With the strong background, the nuclear hydrogen production, 
which is considered as one of the most important application of the high temperature process 
heat supplied by HTGR, has been intensively studied in the institute of nuclear and new energy 
technology, Tsinghua university of China. Therefore, INET participated in the CRP of IAEA. 
In this work, the hydrogen economics estimation program (HEEP) software was firstly used to 
estimate the cost of hydrogen generated by five typical cases, i.e. APWR-CE with three 
different scales, HTGR-IS and HTGR-HTSE. The contributions of the various parts, such as 
capital cost, O&M cost, decommissioning cost of NPP and HGP to the cost of H2 were 
estimated and compared. The reasons for the cost differences between various technologies 
were discussed. Secondly, a specific case was designed based on Chinese nuclear hydrogen 
production program, and the cost of hydrogen produced with the scenario was estimated and 
analysed. Finally, some suggestions for improving HEEP were proposed. 

1. INTRODUCTION 

The Chinese economy has enjoyed a rapid growth since the 1980s, and this trend is expected to 
continue for several decades. However, future prospects towards sustainable development will 
rely primarily on self-reliance in producing clean energy using indigenous natural resources. In 
the period spanning 2000 to 2010, China’s average annual growth rate of energy consumption 
was 8.9%, and that of electricity consumption was as high as 13.0%. In 2011, China’s total 
energy consumption was 3.48 billion TCE (tonne-coal equivalent). The burden of the current 
coal-dominant energy mix and the stress on the environment due to energy consumption has 
led to the opinion that nuclear power will be an indispensable choice of China in the future. 
According to the “State Medium-Long Term (2005–2020) Development Program of Nuclear 
Power” issued in Oct. 2007，the total capacity of operating nuclear power plants will be 
40 GW(e) with an additional 18 GW(e) expected to be under construction by 2020. A 
considerable increase in the application of nuclear energy will greatly improve China’s primary 
energy mix and effectively improve atmosphere quality. 

Since the 1970s, the high temperature gas cooled reactor (HTGR) technology has been 
undergoing development in China. The 10 MW(th) test reactor (HTR-10) with spherical fuel 
elements was constructed in 2000 and is currently under operation. A number of safety-related 
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experiments have been conducted on the HTR-10, and the construction of a commercial 
demonstration plant (HTR-PM) has become one of the National Major Science and Technology 
Special Projects, the design of the reactor and related R&D have commenced. In the end of 
2012, the first concrete pouring of HTR-PM was done, marking the construction of the HTR-
PM was irreversibly started. 

Hydrogen is a clean energy carrier. China is taking a very active approach to developing 
hydrogen energy technology related to the production, storage and application of hydrogen. 
Based on the current status of technology development of HTGR in China, a road of hydrogen 
production with nuclear energy will have a great potential in solving sustainable energy supply 
problems of China in the future. Therefore, to carry out a detailed study on possible technology 
choices in relation to high temperature gas-cooled reactor is of great significance. 

Since HTGR is the most suitable reactor for hydrogen production, R&D on nuclear hydrogen, 
as a part of the R&D objectives of the HTR-PM project, has been initiated in the Institute of 
Nuclear and New Energy Technology (INET), Tsinghua University. The S–I thermo-chemical 
cycle for splitting water and the HTSE process were selected as the probable processes of 
nuclear hydrogen production. Since 2005, INET has conducted preliminary studies on the S–I 
and HTSE processes. A laboratory with the necessary facilities has been established for process 
studies of nuclear hydrogen. At the same time, the HTR-10 constructed in INET will provide a 
suitable nuclear reactor facility for future R&D of nuclear hydrogen production technology. 

Techno-economics is a very crucial field to consider for the prospect of nuclear hydrogen 
production; as one of the most important considerations for selection of the pathway through 
which hydrogen is produced using nuclear energy. Therefore, INET addresses this issue. The 
Hydrogen Economic Evaluation Programmer (HEEP) software developed by the IAEA in 
collaboration with the Indian Bhabha Atomic Research Center (BARC) is the first and leading 
software of its kind released; and INET is grateful to be able to use the software and 
accumulated data to assess the techno-economic aspects of hydrogen production based on 
Chinese specifications. 

1.1. Scientific scope of the project 

The proposed research will employ HEEP software to perform economic analysis and 
benchmarking exercises of nuclear hydrogen production, with acquired data and experiences 
and Chinese specifications. To achieve these goals, the following objectives should be 
accomplished: 

The available data for cost estimation, including the technical features of an HTGR plant, time 
periods required for various activities during the lifecycle of the said plant, and its cost 
components should be comprehensively and accurately collected and analysed. 

The technical data related to cost, such as the efficiency, material and equipment cost, 
production rate, availability, capability, inventory and feed requirements of the chemicals, 
should be acquired based on experimental study and process simulation. 

A database of the accumulated data will be built for use through the HEEP. 

HEEP will be employed to carry out benchmarking exercises. The hydrogen cost using the three 
pathways coupled to HTGR will be estimated. 
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1.2. Detailed Work Plan for each year 

First year: 

 The goal for the first year is to accumulate the required data for economic evaluation and 
form a database for use by HEEP. 

Technical features of an HTGR plant and hydrogen production facilities, including capacity, 
power or energy requirement, availability and capacity; 

Time periods required for various activities during the life cycle of the said plants, including 
construction, operation, decommissioning, refurbishment, cooling before decommissioning and 
waste storage; 

Cost components of plant and facilities, including capital cost components for construction 
(capital cost of construction, equipment, system; reference year for cost & escalation rate, 
equity–debt ratio and interest on borrowing), running cost (fuel cost, consumables, O&M) and 
decommissioning; 

The collected data will be analysed and compared, and a database that can easily be projected 
by HEEP for cost estimation will be formed. 

Second year: 

The goal for the second year is to accumulate the required data for economic evaluation of 
HTGR, based on the Chinese situation and HTR-10 and HTR-PM experiences. Based on these 
data, the H2 cost will be estimated. 

Technical features of an HTGR plant and hydrogen production facilities, including capacity, 
power or energy requirement, availability and capacity; 

Time periods required for various activities during the life cycle of the said plants, including 
construction, operation, decommissioning, refurbishment, cooling before decommissioning and 
waste storage; 

Cost components of plant and facilities, including capital cost components for construction 
(capital cost of construction, equipment, system; reference year for cost & escalation rate, 
equity/debt ratio and interest on borrowing), running cost (fuel cost, consumables, O&M) and 
decommissioning; 

Estimation of the cost of H2 by HTGR-HTSE and HTGR-IS. 

Third year: 

The goal for the third year is to check the data accumulated and improve its quality. By 
comparing and analyzing the results of generic cases and country cases, the reliability of the 
assessment will be evaluated. Based on the results, a final report will be compiled, and 
contributions to IAEA TECDOC will be made. In addition, suggestions for improving HEEP 
will be proposed. 
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2. STATUS OF THE HYDROGEN INDUSTRY AND NUCLEAR HYDROGEN 
PRODUCTION PROGRAM IN CHINA 

2.1. Hydrogen demand and production in China 

2.1.1. Hydrogen production 

The production of hydrogen exceeded 10 million tonne and became the world’s No.1 from 2009 
on. In 2011, the production of hydrogen reached to 14.2 million tonne. A hydrogen production 
factory in Eldos, Inner-Mongolia of China, of which hydrogen production exceed 180 thousand 
tonne per year by coal gasification, is the biggest one across the world. Figure 1 shows the 
hydrogen production and increasing rate between 2008 and 2011. Figure 2 presents a prediction 
of hydrogen production yearly from 2012 to 2017. 
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FIG. 1. Hydrogen production and increasing rate in China from 2008 to 2011. 
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FIG. 2. Prediction of hydrogen demand and increasing rate in China from 2012 to 2017. 
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Compared to some countries, hydrogen is scarce and expensive, this is attribute to the shortage 
of natural gas and petroleum in China’s energy mix, which is dominated by coal. In that case, 
more steam and energy are consumed to get hydrogen. 

2.1.1. Hydrogen demand 

Hydrogen is mainly used as chemical raw materials. Around 80% of hydrogen is used for 
ammonia synthesis, which is much high than 60% of the world level. The second largest H2 
demand is from upgrading of crude oil. As the oil quality deteriorated, more and more hydrogen 
will be used for hydrogenation splitting and refining of oil, to obtain high quality gasoline and 
diesel for decrease the environment effect cause by vehicles. Another important demand of H2 
is from synthesis of methanol from syngas (CO/H2). In addition, in some other processes, 
including coal to oil, Fischer–Tropsch synthesis, methanation, hydrogen is also need in large 
amount. Beside application as chemicals, liquid hydrogen is also used as fuel for rocket in 
aerospace industry. 

Recently, fuel cell and related vehicle technology make great progress, which present huge 
potential demand for hydrogen. In addition, if can be supplied in large amount and reasonable 
cost, hydrogen may be widely used in metallurgy for production of direct reduction iron, 
dramatically decrease CO2 emission in steel industry. 

Almost all hydrogen produced is consumed during past years, which is presented by current 
period inventory shown in Fig. 3. 
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FIG. 3. Current period inventory and increasing rate of H2 from 2006 to 2011. 

 

The demand of hydrogen in the future in China will be increased continuously. Figure 4 shows 
the prediction of hydrogen demand for the year from 2012 to 2017. It is estimated that the 
hydrogen demand will reach to 23 million tonnes by 2017. 
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FIG. 4. Prediction of hydrogen demand and increasing rate in China from 2012 to 2017. 

 

In the future, the demand for H2 will be increased with the development of the economy in 
China, Table 1 shows the projection of hydrogen demand for China in medium scenario. 

 

TABLE 1. MEDIUM PROJECTION OF HYDROGEN DEMAND FOR CHINA 

 Hydrogen demand for China  
(Mt/a) 

Remark 

Year 2030 2040 2050  

FCV 0.3 1.5 6.0  

Stationary FC 0.1 1.0 3.5 Power and heat 

Household   0.8  

Commercial   0.4  

Industrial   2.3  

Power generation 0.0 4.9 10.0  

Industries 20.0 25.0 30.0 Ammonia, methanol, 
refinery, steel making 

Total 20.4 31.5 53.0  
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2.2. Nuclear hydrogen production program in China 

2.2.1. Progress of HTR-PM projectt 

The first commercial pebble-bed modular high-temperature gas-cooled reactor (HTR-PM) 
power plant is being constructed and anticipated to be completed by the end of 2017. The 
pictures of the construction site, reactor pressure vessel, control room, helium loop, etc., are 
shown in Fig. 5. 

 

  

(a) Diagram of HTR-PM (b) Construction site 

  

(c) Reactor pressure vessel (d) HTR-PM simulator 

  

(e) Digital control system (f) Helium test loop 

FIG. 5. Pictures of the HTR-PM site and components. 
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Currently the project has been carried out smoothly, and it is predicted to be put into operation 
by the end of 2017. 

2.2.2. Progress of R&D of nuclear hydrogen production 

Nuclear hydrogen production is a promising way for industrial scale production comparing with 
other developing production methods. Among all nuclear reactors, the HTGR is the most 
suitable one for nuclear hydrogen process due to its potential of high efficiency electricity 
generation and providing high temperature process heat. The S–I thermo-chemical cycle for 
splitting water and the high temperature steam electrolysis (HTSE) are selected as potential 
processes of nuclear hydrogen production. Since 2005, INET has conducted preliminary study 
on the S–I and HTSE processes. The laboratory of nuclear hydrogen with facilities for process 
studies has been established. The HTR-10 constructed in INET will provide a suitable nuclear 
reactor facility for future research and development of nuclear hydrogen production technology. 

Development of nuclear hydrogen in China will proceed in following phases: 

Phase I  (2006–2009): Fundamental study and process verification of NH process 

  Phase II (2010–2014): Bench-scale test 

  Phase III  (2015–2020): Key technology of pilot scale demonstration 

  Phase IV  (2020~2025): Coupling technology with reactor, nuclear hydrogen 
       production safety, and pilot scale test 

  Phase V:  (2015– ): Commercialization of nuclear hydrogen production 

During the past several years, the R&D on nuclear hydrogen production focused on the bench-
scale test, including construction and continuous operation of the S–I and HTSE facilities, and 
the relative process studies. 

Progress of sulfur–iodine cycle: 

The thermochemical sulfur–iodine (S–I) process is one of the most prospective hydrogen 
production method from nuclear energy, or more specifically, from high temperature gas-
cooled reactor. The S–I process is composed of the following three chemical reactions: 

Bunsen reaction:  I2 ＋SO2 ＋ H2O ＝ H2SO4 ＋ 2HI  (1) 

HI decomposition:  2HI ＝ H2 ＋ I2    (2) 

  H2SO4 decomposition: H2SO4 ＝ SO2 ＋ ½ O2 ＋ H2O   (3) 

The process has been widely investigated in many institutes across the world, including INET. 
According to the general schedule, the final objective of the R&D of Chinese nuclear hydrogen 
program is to achieve the coupling of hydrogen production technology to the test reactor, HTR-
10, after 2020, so that the nuclear hydrogen production would be demonstrated. 

Since 2005, intensive fundamental studies have been carried out at INET, a proof-of-concept 
facility (IS-10) and an integrated lab scaled facility were erected one after the other, and the 
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closed cycle, continuous operation was successfully conducted with these facilities. The 
progress is summarized in brief as follows [1–4]. 

Highlights of fundamental research: 

Process study and the phase separation characteristics of the HI–I2–H2SO4–H2O quaternary 
mixture were investigated. The critical condition of phase separation, iodine solubility and 
intermiscibility of the mixture were studied. Based on the results, the empirical model for 
judging the phase states of the mixture and calculation of the compositions of both the lighter 
and heavier phases were made. 

Electro-electrodialysis (EED) technology was further developed, multi-cell EED stack with the 
effective area of 20 cm×20 cm was successfully designed, built, operated and embedded in the 
ILS facility. 

Novel catalysts for HI decomposition and SO3 decomposition were studied and tested under the 
closed cycle conditions. 

Empirical models for some special unit operations in S–I cycle, including separation of Bunsen 
reaction products, EED, distillation of HIx, etc, were built. Embedded these models into 
ASPEN PLUS, the simulation for the global S–I process was successfully conducted. 

Correlation between viscosity, density and composition of HI/I2/H2O and HI/H2O/I2/H2SO4 
system were built. 

Closed-loop process verification operations: 

To verify the data obtained in from the fundamental studies and to acquire the operating 
experience of the closed loop facility, a process verifying the facility (IS-10) has been designed 
and established at INET. A series experiments, including continuous unit operation, continuous 
section operation, open-loop continuous operation and closed cycle operation were carried out 
with the facility. Thus the feasibility was verified. 

Integrated lab scale facility and continuous operation: 

By the end of the year 2013, INET completed the construction and test of the IS-10 facility 
(Fig. 6). Recently, the closed cycle experiment of S–I process on the facility was successfully 
carried out, the experiment lasted for 86 hours, and hydrogen production duration was over 60 
hours, and the rate of hydrogen and oxygen reached 60 NL/h and 30 NL/h, respectively. (Fig. 
7). During the operation, most of the components were in good operation conditions, and the 
composition of the key streams were stable, so the controllability of the process was confirmed. 

High temperature steam electrolysis: 

The main research activities involved in HTSE is as follows: 

Development of materials for solid oxide electrolytic cell (SOEC), including hydrogen 
electrode, oxygen electrode, electrolyte, connector, as well as sealing materials; 

Improvement of the electrolysis performance and degradation mechanism of electrode; 

Design, installment and performance test of the SOEC stack; 
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FIG. 6. Integrated lab-scale sulfur–iodine cycle facility IS-10 (100 NL/h). 

 

FIG. 7. Hydrogen and oxygen rate in closed cycle experiment. 

 

Erection of the HTSE facility; 

Long term electrolysis experiment to test the performance of SOEC stack as well as the HTSE 
facility. 

So far a lab-scaled facility and 10-cell SOEC stack were developed (Fig. 8), and the operational 
performance is shown in Fig. 9. 
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(a) Typical 10-cell SOEC stack (b) HTSE facility 

FIG. 8. The SOEC stack and HTSE facility developed at INET. 

 

 

FIG. 9. HTSE operational performance curve. 

So far, the so-called lab-scaled phase investigations for both S–I process and HTSE have been 
completed. In the next stage, the engineering material, engineering reactor and scale up of the 
facility will be the focal points for the R&D of S–I process, while the stack with high power 
will be emphases for HTSE technology. 

These research activities and results obtained supply technical data and support for the 
estimation of H2 cost by nuclear hydrogen production. 
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D.3. BENCHMARK ANALYSIS OF THE HEEP SOFTWARE 

3.1. Required input data of HEEP 

The required input data for HEEP include technical data and financial data. 

(1) Technical data 

The technical data include technical features of the nuclear power plant (NPP) and hydrogen 
generation plant (HGP) and the time periods of various events of NPP. 

NPP part: thermal rating, heat for hydrogen production plant, electricity rating, maximum 
electricity generating, capacity factor, availability factor, number of unit, initial fuel load, 
annual fuel load, etc. 

Time periods of various events of NPP: construction, operation, cooling before 
decommissioning, refurbishment, spent fuel cooling, waste cooling, etc. 

HGP part: hydrogen generation rate, heat consumption, electricity required, unit number, unit 
capacity factor, unit availability factor, maximum process thermal energy required, maximum 
electricity required. 

(2) Financial data 

General financial data: discount rate, inflation rate, equity:debt, borrowing interest, tax rate, 
depreciation period, etc. 

NPP: capital cost, capital cost fraction for electricity generating infrastructure, fuel cost, O&M 
cost, decommissioning cost, etc. 

HGP: capital cost, energy use cost, other O&M cost, decommissioning cost, etc. 

When all of these data are input, the cost of H2 could be estimated with HEEP. 

3.2. Input data of five generic cases offered by IAEA 

IAEA issued five generic cases to users to do the benchmark work, the input data of these cases 
are listed in the Table 2. 

The data were used to calculate the cost of H2 generated by various technologies including 
conventional electrolysis (CE), high temperature steam electrolysis (HTSE) and sulfur–iodine 
process, coupled to two kinds reactors, i.e. advanced pressurized water reactor and high 
temperature gas cooled reactor (HTGR). 
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     TABLE 2. INPUT DATA FOR THE GENERIC CASES 

 1. APWR and CE 
H2 rate: 4 kg/s 

2. APWR and CE  
H2 rate: 8 kg/s 

3. APWR and CE  
H2 rate: 12 kg/s 

4. HTGR and HTSE  
H2 rate: 4 kg/s 

5. HTGR and S–I  
H2 rate: 4 kg/s 

Nuclear power plant 2×359.5 MW(e) APWR 2×719.0 MW(e) APWR 2×1117 MW(e) AP1000 2×509.3 MW(th) HTGR 2×630.7 MW(th) HTGR 
Capital investment 
(total) 

6310 M$ [1] scaled 
using  [2] 

9819 M$ [1] scaled 
using  [2] 

11928 M$ [1] 804.6 M$ [1]+linear 
scaling 

1210 M$ [1]+linear 
scaling 

Annual O&M expenses 104.9 M$ [1]+linear 
scaling 

154.8 M$ [1]+linear 
scaling 

198.28 M$ [1] 46.95 M$ [3]+linear 
scaling 

21.97 M$ [4]+linear 
scaling 

Capacity factor 93% [5] 93% [5] 93% [5] 90% [3] 90% [4] 
Construction period 5 a [6] 5 a [6] 5 a [6] 3 a [3] 3 a [4] 
Total fuel cost net,  
see note 1 

34.95M$/a See note 2 51.60 M$/a See note 2 66.09 M$/a See note 2 38.24 M$/a [3]+linear 
scaling 

69.73 M$/a [4]+linear 
scaling 

Decommissioning for 
NPP and HPP or just 
NPP 

2.8% of CC [7] 2.8% of CC [7] 2.8% of CC [7] 94.02 M$ 10% of CC 
[3] 

101.0 M$ 10% of CC 

Hydrogen prod. facility CE  CE  CE  HTSE  S–I  
Total thermal hydrogen 
process efficiency 
(HHV) 

26.07% See note 3 26.07% See note 3 26.07% See note 3 39.82% [3] 45.02% See note 5 

Capital cost 422.6 M$ See note 4 845.2 M$ See note 4 1313 M$ See note 4 458.5 M$ [3]+lin. sc. 666.2 M$ [4]+lin.sc. 
Non-process electricity 
required 

        428 MW(e) [4]+linear 
scaling 

Annual O&M expenses 16.90 M$ 4% of CC 33.81 M$ 4% [8] 52.52 M$ 4% [8] 79.04 M$ [3]+linear 
scaling 

44.52 M$ [4]+linear 
scaling 

Demineralized water 
consumption 

1.136×10 L/a 9 L/kg-H2 
distilled 
water 

2.272×10 
L/a 

9 L/kg-H2 
distilled 
water 

3.530×10 
L/a 

9 L/kg-H2 
distilled 
water 

1.136×10 
L/a 

9 L/kg-H2 
distilled 
water 

1.136×10 
L/a 

9 L/kg-H2 
distilled 
water 

Decommissioning 10%  10%  10%  10%  10%  
Note the conversion efficiency is not directly entered into HEEP, but used to obtain the required nuclear reactor power to achieve a given rated hydrogen output rate. 
Notes: 
(1) It is assumed that all nuclear fuel disposal costs are included in the shown fuel cost [1] 
(2) For cases 1-3, nuclear fuel costs are calculated from the O&M costs assuming total production costs are 25% (fuel) + 75% (O&M) [9] 
(3) 33% net thermal-electric [5] × 79% net electric-to-hydrogen [10] 
(4) Assuming 900 $/kW (US $-2010), based on [10] and [8], adjusted to US $2010. Valid for electrolysis plants of sufficiently large capacity. 
(5) Calculated from rated power and production rate in [4], this is not the net efficiency, as additional electricity is required for operation the hydrogen plant. 
(6) All monetary values obtained from the literature are first converted to 2010 US $ (as displayed in Table 3) before entering into HEEP. Conversion is carried out using the gross domestic product 
price deflator, provided by the US Department of Commerce (www. Table 1.1.4: price indexes for Gross Domestic Products) 
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3.3. Exercise results 

Three exercises were previously included in HEEP for reference. To compare the cost of H2 
generated by different technologies or with different scale, the exercises and these results are 
presented. 

(1). HTSE_HTHCR 

The input data of the exercise HTSE_HTHCR are shown in the Table 3. 

 

TABLE 3. INPUT DATA OF THE EXERCISE HTSE_HTHCR 

NPP parameters description Value HGP parameters description Value 
Thermal rating (MW(th)/unit) 600 Hydrogen generation per unit (kg/a) 7.43E+7 
Heat for H2 plant (MW(th)/unit) 90 Heat consumption (MW(th)/unit) 90 
Electricity rating (MW(e)/unit) 278 Electricity required (MW(e)/unit) 270 
Number of units 1 Number of units 1 
Initial fuel load (kg/unit) 25 000 Capital cost (US $) 2.07E+8 

Annual fuel feed (kg/unit) 25 000 Energy usage cost (US $) 0 
Capital cost (US $/unit) 4.67E+8 Other O&M cost (% of CC) 4.85 
Capital cost fraction for electricity 
generating infrastructure (%) 

15 Decommissioning cost (% of CC) 10 

Fuel cost (US $/kg) 712 Unit capacity factor (%) 90 
O&M cost (% of CC) 6.35 Unit availability factor (%) 100 
Decommissioning cost (% of CC) 10 Maximum process thermal energy 

required (MW(th)/unit) 
90 

Capacity factor (%) 90 Maximum electricity required 
(MW(e)/unit) 

270 

Availability factor (%) 100 Thermal efficiency (%) 54.9 

 

 

With these data input, the estimated H2 cost and the details of the cost are shown in Table 4. 

 

TABLE 4. ESTIMATED H2 COST OF THE EXERCISE HTSE_HTHCR (UNIT: US $/kg-H2) 

 NPP HGP Total 
Capital cost (Debt) 1.06 0.49 0 
Capital cost (Equity)  0.72 1.55 
O&M and refurbishment 0.39 0.01 1.11 
Consumable cost   0.01 
Decommissioning cost   0 
Fuel cost 0.25  0.25 
Total of facilities 1.7 1.22 2.93 
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(2). IS_HTRPMR200 

The input data of the exercise IS_HTRPMR200 are shown in the following Table 5. 

TABLE 5. INPUT DATA OF THE EXERCISE IS_HTRPMR200 

NPP parameters description Value HGP parameters description Value 

Thermal rating (MW(th)/unit) 200 Hydrogen generation per unit (kg/a) 7.2E+7 

Heat for H2 plant (MW(th)/unit) 200 Heat consumption (MW(th)/unit) 800 

Electricity rating (MW(e)/unit) 0 Electricity required (MW(e)/unit) 272 

Number of units 4 Number of units 1 

Initial fuel load (kg/unit) 100 000 Capital cost (US $) 6.12E+8 

Annual fuel feed (kg/unit) 100 000 Energy usage cost (US $) 1.43E+8 

Capital cost (US $/unit) 6.07E+7 Other O&M cost (% of CC) 5.5 

Capital cost fraction for electricity 
generating infrastructure (%) 

0 Decommissioning cost (% of CC) 0 

Fuel cost (US $/kg) 100.5 Unit capacity factor (%) 90 

O&M cost (% of CC) 1.94 Unit availability factor (%) 100 

Decommissioning cost (% of CC) 0 Maximum process thermal energy 
required (MW(th)/unit) 

800 

Capacity factor (%) 90 Maximum electricity required 
(MW(e)/unit) 

272 

Availability factor (%) 100   

 

The details of the cost are shown in Table 6. 

TABLE 6. ESTIMATED H2 COST OF THE EXERCISE IS_HTRPMR200 (UNIT: US $/kg-H2) 

 NPP HGP Total 

Capital cost (Debt) 0.25 0.64 0.89 

Capital cost (Equity)    

O&M and refurbishment 0.07 2.51 2.57 

Consumable cost    

Decommissioning cost    

Fuel cost 0.59  0.59 

Total of facilities 0.91 3.14 4.05 
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(3). IS_HTRPMR600 

The input data of the exercise IS_HTRPMR600 are shown in Table 7. 

TABLE 7. INPUT DATA OF THE EXERCISE IS_HTRPMR600 

NPP parameters description Value HGP parameters description Value 

Thermal rating (MW(th)/unit) 600 Hydrogen generation per unit (kg/a) 2.16E+8 

Heat for H2 plant (MW(th)/unit) 540 Heat consumption (MW(th)/unit) 1945 

Electricity rating (MW(e)/unit) 0 Electricity required (MW(e)/unit) 815 

Number of units 4 Number of units 1 

Initial fuel load (kg/unit) 100 000 Capital cost (US $) 1.41E+9 

Annual fuel feed (kg/unit) 100 000 Energy usage cost (US $) 4.28E+8 

Capital cost (US $/unit) 4.77E+8 Other O&M cost (% of CC) 5.46 

Capital cost fraction for electricity 
generating infrastructure (%) 

0 Decommissioning cost (% of CC) 0 

Fuel cost (US $/kg) 250 Unit capacity factor (%) 90 

O&M cost (% of CC) 2.07 Unit availability factor (%) 100 

Decommissioning cost (% of CC) 10 Maximum process thermal energy 
required (MW(th)/unit) 

1945 

Capacity factor (%) 90 Maximum electricity required 
(MW(e)/unit) 

815 

Availability factor (%) 100   

 

The details of the cost are shown in Table 8. 

TABLE 8. ESTIMATED H2 COST OF THE EXERCISE IS_HTRPM600 (UNIT: US $/kg-H2) 

 NPP HGP Total 

Capital cost (Debt) 051 0.47 0.98 

Capital cost (Equity)    

O&M and refurbishment 0.15 2.38 2.53 

Consumable cost    

Decommissioning cost 0.05 0.04 0.08 

Fuel cost 0.4  0.4 

Total of facilities 1.1 2.88 3.98 
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Time periods of various events of NPP are as follows in Table 9. 

TABLE 9. TIME PERIODS OF VARIOUS EVENTS OF NPP 

Events Period (a) 

 HTSE_HTHCR IS_HTRPMR200 IS_HTRPMR600 

Construction 3 5 3 

Operation 40 40 40 

Cooling before 
decommissioning 

2 2 2 

Decommissioning 1 10 10 

Refurbishment 1 1 1 

Spent fuel cooling 2 2 2 

Waste cooling 10 1ß 1ß 

 

These results will be used for comparison in the discussion part of this report. 

3.4. Benchmark exercise results 

(1) Case 1_ APWR and CE with H2 rate 4 kg/s 

The input data of Case 1_ APWR and CE with H2 rate 4 kg/s are shown in the Table 10. 

TABLE 10. INPUT DATA OF THE CASE 1: APWR AND CE WITH H2 RATE 4 kg/s 

NPP parameters description Value HGP parameters description Value 

Thermal rating (MW(th)/unit) 1090 Hydrogen generation per unit (kg/a) 1.26E+8 

Heat for H2 plant (MW(th)/unit) 0 Heat consumption (MW(th)/unit) 0 

Electricity rating (MW(e)/unit) 359.5 Electricity required (MW(e)/unit) 719 

Number of units 2 Number of units 2 

Initial fuel load (kg/unit) 27 000 Capital cost (US $) 4.28E+8 

Annual fuel feed (kg/unit) 9000 Energy usage cost (US $) 5.26E+4 

Capital cost (US $/unit) 3.16E+9 Other O&M cost (% of CC) 4% 

Capital cost fraction for electricity 
generating infrastructure (%) 

10 Decommissioning cost (% of CC) 10% 

Fuel cost (US $/kg) 1850 Unit capacity factor (%) 93 

O&M cost (% of CC) 1.66 Unit availability factor (%) 100 

Decommissioning cost (% of CC) 2.8 Maximum process thermal energy 
required (MW(th)/unit) 

20 

Capacity factor (%) 93 Maximum electricity required 
(MW(e)/unit) 

720 

Availability factor (%) 100   
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The details of the cost are shown in Table 11. 

TABLE 11. ESTIMATED H2 COST OF THE CASE 1. APWR AND CE WITH H2 RATE 4 kg/s (UNIT: 
US $/kg-H2) 

 NPP HGP Total 

Capital cost (Debt) 1.64 0.11 1.75 

Capital cost (Equity) 2.14 0.14 2.28 

O&M and refurbishment 0.83 0.15 0.98 

Consumable cost 0. 0. 0. 

Decommissioning cost 0.12 0.02 0.14 

Fuel cost 0.66 0. 0.66 

Total of facilities 5.04 0.43 5.47 

 

(2) Case 2_ APWR and CE with H2 rate 8 kg/s 

The input data of Case 2_ APWR and CE with H2 rate 8 kg/s and the estimated H2 cost are 
shown in Tables 12 and 13. 

 

TABLE 12. INPUT DATA OF THE CASE 2. APWR AND CE WITH H2 RATE 4 kg/s 

NPP parameters description Value HGP parameters description Value 

Thermal rating (MW(th)/unit) 2179 Hydrogen generation per unit (kg/a) 2.52E+8 

Heat for H2 plant (MW(th)/unit) 0 Heat consumption (MW(th)/unit) 0 

Electricity rating (MW(e)/unit) 719 Electricity required (MW(e)/unit) 1438 

Number of units 2 Number of units 1 

Initial fuel load (kg/unit) 54 000 Capital cost (US $) 8.45E+8 

Annual fuel feed (kg/unit) 18 000 Energy usage cost (US $) 0 

Capital cost (US $/unit) 4.91E+9 Other O&M cost (% of CC) 4 

Capital cost fraction for electricity 
generating infrastructure (%) 

10 Decommissioning cost (% of CC) 10 

Fuel cost (US $/kg) 1365 Unit capacity factor (%) 93 

O&M cost (% of CC) 1.58 Unit availability factor (%) 100 

Decommissioning cost (% of CC) 10 Maximum process thermal energy 
required (MW(th)/unit) 

10 

Capacity factor (%) 93 Maximum electricity required 
(MW(e)/unit) 

1438 

Availability factor (%) 100   
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The details of the cost are shown in Table 13. 

TABLE 13. ESTIMATED H2 COST OF THE CASE 2. APWR AND CE WITH H2 RATE 8 kg/s (UNIT: 
US $/kg-H2) 

 NPP HGP Total 

Capital cost (Debt) 1.28 0.11 1.39 

Capital cost (Equity) 1.66 0.14 1.80 

O&M and refurbishment 0.62 0.14 0.76 

Consumable cost    

Decommissioning cost 0.09 0.01 0.1 

Fuel cost 0.22 0. 0.22 

Total of facilities 3.87 0.43 4.29 
 

 (3)  Case 3_ APWR and CE with H2 rate 12 kg/s 

The input data of Case 3_ APWR and CE with H2 rate 12 kg/s are shown and the estimated H2 
cost are shown in Table 14 and 15. 

 

TABLE 14. INPUT DATA OF THE CASE 3. APWR AND CE WITH H2 RATE 12 kg/s 

NPP parameters description Value HGP parameters description Value 

Thermal rating (MW(th)/unit) 3385 Hydrogen generation per unit (kg/a) 3.92E+8 

Heat for H2 plant (MW(th)/unit) 0 Heat consumption (MW(th)/unit) 0 

Electricity rating (MW(e)/unit) 1117 Electricity required (MW(e)/unit) 2234 

Number of units 2 Number of units 1 

Initial fuel load (kg/unit) 75 000 Capital cost (US $) 1.32E+9 

Annual fuel feed (kg/unit) 25 000 Energy usage cost (US $) 0 

Capital cost (US $/unit) 5.964E+9 Other O&M cost (% of CC) 4 

Capital cost fraction for electricity 
generating infrastructure (%) 

10 Decommissioning cost (% of CC) 10 

Fuel cost (US $/kg) 1260 Unit capacity factor (%) 93 

O&M cost (% of CC) 1.66 Unit availability factor (%) 100 

Decommissioning cost (% of CC) 10 Maximum process thermal energy 
required (MW(th)/unit) 

0 

Capacity factor (%) 93 Maximum electricity required 
(MW(e)/unit) 

2234 

Availability factor (%) 100   
 

The details of the cost are shown in Table 15. 
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TABLE 15. ESTIMATED H2 COST OF THE CASE 3. APWR AND CE WITH H2 RATE 12 kg/s 
(UNIT: US $/kg-H2) 

 NPP HGP Total 

Capital cost (Debt) 1.00 0.11 1.11 

Capital cost (Equity) 1.3 0.14 1.44 

O&M and refurbishment 0.52 0.14 0.66 

Consumable cost 0. 0. 0. 

Decommissioning cost 0.07 0.02 0.09 

Fuel cost 0.18 0. 0.18 

Total of facilities 3.07 0.42 3.49 

 

 (4) Case 4_ HTGR and HTSE with H2 rate 4 kg/s 

The input data of Case 4_ HTGR and HTSE with H2 rate 4 kg/s and the estimated H2 cost are 
shown in Tables 16 and 17. 

 

TABLE 16. INPUT DATA OF THE CASE 4. HTGR AND HTSE WITH H2 RATE 4 kg/s 

NPP parameters description Value HGP parameters description Value 

Thermal rating (MW(th)/unit) 509.3 Hydrogen generation per unit (kg/a) 1.26E+8 

Heat for H2 plant (MW(th)/unit) 509.3 Heat consumption (MW(th)/unit) 1018 

Electricity rating (MW(e)/unit) 0 Electricity required (MW(e)/unit) 0 

Number of units 2 Number of units 1 

Initial fuel load (kg/unit) 14 000 Capital cost (US $) 4.585E+8 

Annual fuel feed (kg/unit) 5000 Energy usage cost (US $) 0 

Capital cost (US $/unit) 4.023E+8 Other O&M cost (% of CC) 10 

Capital cost fraction for electricity 
generating infrastructure (%) 

0 Decommissioning cost (% of CC) 10 

Fuel cost (US $/kg) 3660 Unit capacity factor (%) 93 

O&M cost (% of CC) 5.84 Unit availability factor (%) 100 

Decommissioning cost (% of CC) 11.69 Maximum process thermal energy 
required (MW(th)/unit) 

153 

Capacity factor (%) 90 Maximum electricity required 
(MW(e)/unit) 

 

Availability factor (%) 100   

 

The details of the cost are shown in Table 17. 
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TABLE 17. ESTIMATED H2 COST OF THE CASE 4. HTGR AND HTSE WITH H2 RATE 4 kg/s 
(UNIT: US $/kg-H2) 

 NPP HGP Total 

Capital cost (Debt) 0.18 0.11 0.29 

Capital cost (Equity) 0.21 0.15 0.36 

O&M and refurbishment 0.37 0.67 1.05 

Consumable cost 0. 0. 0. 

Decommissioning cost 0.06 0.03 0.09 

Fuel cost 0.33 0. 0.33 

Total of facilities 1.15 0.96 2.11 
 

 (5) Case 5_ HTGR and S–I with H2 rate 4 kg/s 

The input data of Case 5_ HTGR and S–I with H2 rate 4 kg/s and the estimated H2 cost are 
shown in Table 18 and 19. 

TABLE 18. INPUT DATA OF THE CASE 5. HTGR AND S–I WITH H2 RATE 4 kg/s 

NPP parameters description Value HGP parameters description Value 

Thermal rating (MW(th)/unit) 630.7 Hydrogen generation per unit (kg/a) 1.26E+8 

Heat for H2 plant (MW(th)/unit) 630.7 Heat consumption (MW(th)/unit) 1261 

Electricity rating (MW(e)/unit) 0 Electricity required (MW(e)/unit) 42.8 

Number of units 2 Number of units 1 

Initial fuel load (kg/unit) 18 000 Capital cost (US $) 6.662E+8 

Annual fuel feed (kg/unit) 6000 Energy usage cost (US $) 0 

Capital cost (US $/unit) 6.05E+8 Other O&M cost (% of CC) 6.68 

Capital cost fraction for electricity 
generating infrastructure (%) 

0 Decommissioning cost (% of CC) 10 

Fuel cost (US $/kg) 5535 Unit capacity factor (%) 93 

O&M cost (% of CC) 5.75 Unit availability factor (%) 100 

Decommissioning cost (% of CC) 10 Maximum process thermal energy 
required (MW(th)/unit) 

630 

Capacity factor (%) 90 Maximum electricity required 
(MW(e)/unit) 

 42.8 

Availability factor (%) 100   
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The details of the cost are shown in Table 19. 

TABLE 19. ESTIMATED H2 COST OF THE CASE 5. HTGR AND S–I WITH H2 RATE 4 kg/s (UNIT: 
US $/kg-H2) 

 NPP HGP Total 

Capital cost (Debt) 0.31 0.17 0.48 

Capital cost (Equity) 0.41 0.22 0.63 

O&M and refurbishment 0.55 0.56 1.11 

Consumable cost    

Decommissioning cost 0.07 0.04 0.1 

Fuel cost 0.60 0. 0.60 

Total of facilities 1.94 0.98 2.92 

 

Time periods of various events of NPP are shown in Table 20. 

TABLE 20. TIME PERIODS OF VARIOUS EVENTS OF NPP 

Events Period (a) 

 Cases 1–3 Cases 4–5 

Construction 5 3 

Operation 40 40 

Cooling before 
decommissioning 

2 2 

Decommissioning 10 10 

Refurbishment 1 1 

Spent fuel cooling 2 1 

Waste cooling 10 2 

 

3.4. Analysis of the estimate cost of hydrogen with different methods 

The five cases represent several typical coupling of nuclear reactor and hydrogen generation 
technology. In case 1 to case 3, the type of the reactor is PWR, and conventional electrolysis is 
used as the HGP method, the hydrogen production rate is increased from 4 kg/s to12 kg/s. These 
cases could be used to investigate the effect of the scale-up of NPP and HGP on the cost of H2. 
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In addition, this typical APWR-CE nuclear hydrogen production technology utilizes two kinds 
of mature technology, the estimated cost is relatively accurate and could be used as a 
comparable basis for other nuclear hydrogen production. Cases 4–5 employ HTGR as the 
nuclear reactor, and two typical advanced hydrogen production technologies, i.e. S–I 
thermochemical water splitting process and high temperature electrolysis are used as the 
hydrogen production method. The cost results obtain from these case could be used to compare 
with each other, and also could be used to compare with the APWR-CE case with the same 
hydrogen production rate, to get information about the cost and contributions of the advanced 
technologies. 

3.4.1. Cost estimation and contributions of NPP and HGP of various cases 

The results of the cost estimation and contributions of NPP and HGP for the five cases offered 
by IAEA are presented in Fig. 10. 

 

FIG. 10. Cost estimation for various cases. 

The calculation results show that the estimated costs of hydrogen generated by both HTGR-IS 
and HTGR-HTSE are apparently higher than those of hydrogen generated by APWR-CE, no 
matter of the hydrogen production rate. As for the contributions to the hydrogen cost of APWR-
CE, the NPP’s contribution is much higher than that of HGP. Comparatively, although the 
contribution of NPP to H2 cost is still higher than that of HGP, the difference is not as big as 
the case of APWR-CE. As for the HTGR-IS, the contribution of HGP to cost is bigger than that 
of NPP, which is quite different from all electrolysis method, no matter conventional 
electrolysis or high temperature electrolysis. 

The cost contributions of H2 produced by various method given in the above cases will be 
further discussed in detail. 
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The contributions of the capital cost of NPP and HGP to the cost of hydrogen are shown in Fig. 
11. For the cost of H2 produced by APWR-CE technology, the capital cost of NPP account for 
the most of the H2 cost, which is supposed to be brought about by the big investment and long 
construction period of NPP, while the capital cost of HGP is minor. Although the ratio of equity 
to debt is 70 to 30, the contributions of equity and debt are almost the same. Compare to those 
of APWR-CE, the capital costs of NPP and HGP for HTGR-HTSE and HTGR-IS are similar. 

 

 

FIG. 11. Capital cost and its contribution. 

 

The contribution of O&M to the cost of H2 for the five cases is shown in Fig 12. It could be 
seen that the O&M costs for the electrolysis method, including three APWR-CE cases and 
HTGR-HTSE, are quite similar. However, the O&M cost of HTGR-IS is much high than that 
of electrolysis, and the O&M cost of HGP takes a dominant role. This indicates that the 
uncertainty of the new method will lead to higher O&M cost. Anyway, with the increasing of 
the maturity of the technology and stability of the operation, the O&M cost of the S–I process 
will be fairly decreased. 

The contribution of fuel cost for the five cases is shown in Fig. 13. For the three APWR-CE 
cases, the contribution of cost of fuel decreases with the increase of H2 production rate, 
suggesting the good scale merit. While the fuel cost for H2 generated by HTGR-IS or HTGR-
HTSE is high than that of APWR-CE, which may be resulted from the expensive fuel of HTGR 
compare to that of APWR. 

3.4.2. Comparison of the H2 cost of APWR-CE with different scale 
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The costs of H2 generated by APWR-CE with different scales are shown in Fig. 14. With the 
hydrogen production rate increases from 4 kg/s to 8 kg/s, the cost of H2 decreased by 25–30%. 
However, when hydrogen rate increases from 8 kg/s to 12 kg/s, the cost of H2 increased by 
50%, even higher than that with hydrogen rate of 4 kg/s. This results suggest that there is an 
optimum economic H2 production rate scale. From the results of contribution of cost, it can be 
observed that the increasing of cost at higher hydrogen rate is mainly caused by capital cost, 
including debt and equity. This result suggests that the scale for the hydrogen production by 
APWR-CE should be in a suitable range, with the increasing of hydrogen rate, the capital cost 
may offset the scale merit. 

 

FIG. 12. O&M cost. 

  

 

FIG. 13. Fuel cost. 
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FIG. 14. H2 cost of APWR-CE. 

 

3.4.3. Comparison of the cost of H2 generated by APWR-CE and HTGR-HTSE 
 

The hydrogen production cost and its composition by APWR-CE and HTGR-HTSE are shown 
in Fig. 15, it shows that the cost of latter is much lower than that of former. Although the 
contribution of HPG in HTSE is higher than that of CE, the contribution of NPP of the latter is 
much lower than that of APWR. 

 

FIG. 15. Comparison of HTSE and CE. 
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3.4.4. Comparison of the cost of H2 produced by HTGR coupling to S–I and HTSE 

The costs of H2 generated by HTGR-IS and HTGR-HTSE are compared in Fig. 16. Although 
the contributions of NPP to H2 cost by the two methods are similar, the cost contributed by 
HGP for HTGR-IS technology is much higher than that of HTGR-HTSE, and the O&M cost of 
S–I takes predominant part. When checking the input data, it was found that there is a problem 
for the data of electricity requirement, the assumed 428 MW(e) is very unreasonable. We re-
calculated the H2 cost of HTGR-IS in later part according to our experimental data. 

 

FIG. 16. Comparison of the H2 costs by S–I and HTSE. 

 

3.4.5. Comparison of the cost of H2 produced by HTGR-IS with various scales 

The effect of scale-up on the cost of hydrogen by HTGR-IS is shown in Fig. 17. When the 
hydrogen rate increases (from IS-HTR200 to IS-HTR600), the contribution of NPP increases a 
little, while the contribution of HGP decreases, the overall effect is that scale-up of the S–I 
process leads to slightly decrease of the H2 cost. 

3.4.6. The effect of the reliability of input data on the credibility of estimated H2 cost 

For the benchmark calculation of the H2 cost estimated by HEEP, the accuracy and the 
reliability of the H2 cost depend on the reliability of the input data to a great degree. For the 
five generic cases used for benchmark calculation, most of the input data were supplied by 
IAEA, the cost of H2 is estimated based on these data and some embedded data in HEEP. In 
that case, it is difficult for the users to do more exact estimation. For example, in the HGP part, 
user can only input some general data such as capital cost and decommissioning cost, without 
knowing the exact composition. However, these data will be varied or improved with the 
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development of technology. If these items can be further divided, user can design various 
scenarios, the results will become more reliable. 

 

FIG. 17. Comparison of the H2 costs by S–I. 

 

With all the data and parameters needed for HEEP, the estimated H2 cost for the five cases is 
shown in table 21. 

TABLE 21. ESTIMATED H2 COST OF THE FIVE GENERIC CASES USING HEEP IN US $ 

 Case 1 Case 2 Case 3 Case 4 Case 5 

NPP 5.04 3.87 3.07 1.15 1.94 

HPP 0.43 0.42 0.42 0.96 0.98 

Total 5.47 4.29 3.49 2.11 2.92 

India’s results 5.53 4.14 3.56 2.24 4.91 

 

The H2 cost and contribution of NPP and HPP for the various cases are shown in the table. 
Meanwhile, to judge the accuracy and reliability of estimation using HEEP, the results by 
India’s scientists, the developer of HEEP, were also shown. It can be observed that there are 
some differences between the costs estimated by the developer and user. However, because 
there are too many data and parameters needed for HEEP calculation, it is difficult to find the 
reason of the differences. A standard input sheet for HEEP may be helpful for users for training 
and taking as a benchmark. 

From the results we can get following observations: For the cases of nuclear hydrogen 
production by PWR combined to CE, the cost of H2 is mainly contributed by nuclear sector. 
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With the increasing of H2 production, the cost of H2 from nuclear sector could be alleviated. 
For the other cases, i.e. H2 production by HTGR combined to S–I thermochemical cycle or 
HTSE, the portion of H2 cost from HPP sector is much higher. 

3.4.7. Problem of the assumed data 

When we analyse the estimated H2 cost with various methods, we observed that the cost of H2 
produced by S–I cycle is much higher than that of HTSE, even higher than PWR plus 
electrolysis. Considering that the efficiency of S–I process is close to that of HTSE and much 
higher than that of conventional electrolysis, we think the cost data is unreasonable. After 
checking the input data of that case, we find the item “Non-process electricity required” for that 
case is 428 MW(e), which is unreasonably large, for S–I is a typical thermochemical process, 
small amount of electricity is only needed for an apparatus called electro-electrodialysis, and 
some auxiliary equipment such as pumps, control and instrumentation system. According to 
our calculation results and design, the electricity requirement for IS plant with this scale should 
be around 42.8 MW(e). So, we adopted the data as the corresponding input one. 

Another unreasonable input data is the electricity requirement for HTSE. Although HTSE is 
carried out under high temperature conditions, part of the electricity energy is supplied in the 
form of thermal energy, still the main energy input should be electricity. However, the 
electricity input in the benchmark analysis case is 0, which is apparently unreasonable. 

Therefore, we suggest correcting these input value of the item in the future, based on the 
published data or data from experiments. 

3.6. Sensitivity analysis 

There are many parameters affecting the cost of H2, including technical data, financial data and 
others. To determine the key factors to affect the H2 cost, we did sensitivity analysis for the 
main parameters. The results are shown in Table 22. 

From the results shown in the table, we observed that the financial factors have much influences 
on the H2 cost than others. The sensitive factors and their sensitivity orders are as follows 

Sensitive factors: Borrowing interest, inflation rate, equity/debt, tax rate 

Less sensitive factors: O&M, fuel cost, decommissioning cost are less sensitive 

During the HEEP application, we found some problems, including: 

Some variations of input do not affect the estimation results; 

Fuel cost, initial fuel feed, annual fuel feed; 

The units of some data are ambiguous; 

In the capital cost of HPP part, the required input is the unit capital cost ($/kg), however, when 
it is input, the estimation results will be absurd; 

O&M cost (per year or total?) 

Electricity required? 
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TABLE 22. SENSITIVITY ANALYSIS RESULTS OF FINANCIAL FACTORS 

Factor Value H2 Cost (US $) 
Max. H2 cost variation/ 
(%) 

Borrowing interest 

12.5% 5.26 

~25% 
10% 4.23 

7.5% 3.86 

5% 3.63 

Equity:debt 

60:40 4.42 

~4.5% 70:30 4.23 

80:20 4.04 

Tax rate 

12.5% 4.24 

0.35% 
10% 4.23 

7.5% 4.22 

5% 4.20 

Inflation rate 

1% 4.23 

15.8% 
2% 3.8 

3% 3.44 

4% 3.14 

Construction period 

3 4.11 

~1.4% 4 4.17 

5 4.23 

 

Operation period 

30 4.75 

~14.3% 
40 4.23 

50 3.92 

60 3.73 

 

4. BENCHMARKING OF CRP SELECTED COUNTRY CASES 

As agreed by the CSIs from Canada, China, Germany and Japan, four cases were designed and 
distributed to the CSIs involved in this CRP. 
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4.1. China’s case design and descriptions 

China’s case is based on the ongoing HTR-PM project and research results of S–I process. The 
details of the case are shown in Table 23. 

TABLE 23. GENERIC CASE FROM INET BASED ON THE HTR-PM 

 HTR-PM + S–I, H2 rate: 1.4 kg/s (4.0E7) 

Nuclear power plant 2×250 MW(th) HTR-PM  

Capital investment (total)(a) 500 M$ Based on the officially reported 
investment cost 

Capacity factor 90%  

Construction period 3 years  

Total fuel cost, net 23 M$/a 1.45 ₡/kWh 

Decommissioning for NPP and 
HPP or just NPP 

20 M$ 4% of capital cost 

Hydrogen production facility S–I process  

Total thermal hydrogen process 
efficiency (HHV) 

40%  

Capital cost fraction for 
electricity generating 
infrastructure 

0 Bibliography entry  
+ linear scaling 

Capital investment for HPP 100 M$  

Non-process electricity required 40 MW/e) (included in thermal 
power when calculating the 
efficiency and H2 production) 

From INET calculation 

Annual O&M expenses 15.2 M$ 3.8% of capital cost 

Demineralized water 
consumption 

1.278×109 L/a 9 L distilled water/kg-H2 

Decommissioning 5 M$ 5% of capital cost 

(a) The capital investment (total) is roughly based on the published investment value of HTR-PM (including 
electricity generation plant) in 2012. Although the investment may be increased significantly for many reasons, 
the current value is still temporarily used before new one is announced or published. 

   

4.2. Input of the selected cases 

The other cases are designed by CSIs from Canada, Germany and Japan, the input data are 
shown in Table 24. 



 

131 

 

 TABLE 24. THE INPUT TEMPLATES OF THE SELECTED COUNTRY CASES 

Country Canada China Germany Japan 
Cases description CANDU6 

+ S–I 
CANDU6 
+ Cu–Cl 
(5step) 

HTR-PM 
+ S–I 

HTR-
Modul + 
SMR 

GTHTR 
300C + S–I 

Nuclear power plant project 2×2084  
MW(th)  

CANDU6 

2×250 
MW(th) 
HTGR 

2×170 
MW(th) 
HTGR 

600 
MW(th) 
HTGR 

Thermal rating (MW(th)/unit) 2084 250 170 600 
Heat for H2 plant (MW(th)/unit) 2084 960.60 250 117 170 
Electricity rating (MW(e)/unit) - 401.62 0 21.3 204 
Capacity factor (%) 90 90  90 
Availability factor (%) 100 100  100 
Thermal efficiency (%) 35.75    
Number of units 2 2 2 1 
Initial fuel load (kg/unit) 87 552 2940 2396 7090 
Annual fuel feed (kg/unit) 126 000 1014 767 1773 
Capital cost (M$/unit) 2000 250 599 M€ 550 
Electricity generation (% of CC) 10 0 10 21 
Fuel cost ($/kg) 137.2 4800 11 000 € 12 962 
O&M cost (% of CC) 4.21 3.81 4 3.98 
Cost of energy usage    9076692  
Decommissioning (% of CC) 14.75 4 10 0.52 
Hydrogen generation plant      
H2 generation rate (kg/a/unit) 4.68×108 3.98×108 4.3×107 4.94×107 2.17×107 
Heat consumption 
(MW(th)/unit) 

4000 1896.44 500 117 170 

Electricity consumption 
(MW(e)/unit) 

- 812.08 20* 21.3 25.7 

Heat to hydrogen efficiency (%) 50.6 43    
Number of units 1 1 1 2 1 
Capital cost (M$/unit) 1189 827 200 203 143 
O&M cost (% of CC) 7.0 7.0 5.46 27 4.26 
Decommissioning (% of CC) 10 10 5  0 
Capacity factor (%) 90 90 90 90 90 
Availability factor (%) 100 100 100 100 100 
Event periods (a)      
Construction  6 6 3 3 4 
Operation  30 30 40 40 40 
Cooling before decommission  -  2 2 2 
Decommissioning  50 50 10 10 10 
Refurbishment  0 0   1 
Spent fuel cooling 7 7 2 2 2 
Waste cooling  -  10 10 10 
Financial data      
Discount rate (%) 2 2 12 10 3 
Inflation rate (%) 2 2 2 1.66 0 
Equity:Debt (%) 50:50 50:50 30:70 50:50 0:100 
Borrowing interest (%) 7 7 5 5.5 3 
Tax rate (%) 30 30 15 28.2 1.4 
Depreciation period (a)  30 30 20 20 20 
Hydrogen cost ($/kg) 3.91 4.53    

* Including heat consumption 
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4.3. Benchmarking analysis and results 

4.3.1. Case 1: Canada’s CANDU6 + Cu–Cl (5-step) 

Canada’s case involves hydrogen production by thermochemical Cu–Cl process using SCWR 
as the primary energy supplier. Table 25 summarized the main input data and estimation results 
of Canada’s CANDU6 + Cu–Cl (5-step) case, the cost is estimated with different financial input 
data. 

TABLE 25. FINANCIAL PARAMETERS OF CASE 1: CANDU6 + Cu–Cl (5-STEP) 

Financial parameter Canada HEEP default China 

Discount rate (%) 2 5 12 

Inflation rate (%) 2 1 2 

Finance equity (%) 50:50 70:30 30:70 

Borrowing interest (%) 7 10 5 

Tax rate (%) 30 10 15 

Depreciation period (a) 30 20 20 

H2 cost (US $/kg-H2), nominal 4.44 2.44 2.08 

H2 cost (US $/kg-H2), real 3.02 2.42 2.48 

 

4.3.2. Case 2: China’s HTR-PM + S–I 

China’s HTR-PM + S–I is based on the ongoing commercial HTR-PM project, using the sulfur–
iodine process to produce hydrogen. Table 26 summarizes the main input data and estimation 
results of China’s HTR-PM + S–I case, the cost is estimated with different financial input data. 

 

TABLE 26. FINANCIAL PARAMETERS OF CASE 2: HTR-PM + S–I 

Financial parameter HEEP default China 

Discount rate (%) 5 12 

Inflation rate (%) 1 2 

Finance equity (%) 70:30 30:70 

Borrowing interest (%) 10 5 

Tax rate (%) 10 15 

Depreciation period (a) 20 20 

H2 cost (US $/kg-H2), nominal 2.69 2.73 

H2 cost (US $/kg-H2), real 2.89 3.19 
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4.3.3. Case 3: Germany’s HTR-Modul + SMR 

Germany’s case involves the use of steam–methane reforming to produce hydrogen, the 
HTR-Modul is assumed to be coupled to SMR. Table 27 summarized the main input data and 
estimation results of Germany’s HTR-Modul + SMR case, the cost is estimated with different 
financial input data. 

 

TABLE 27. FINANCIAL PARAMETERS OF CASE 3: HTR-Modul + SMR 

Financial parameter Germany HEEP default China 

Discount rate (%) 10 5 12 

Inflation rate (%) 1.66 1 2 

Finance equity (%) 50:50 70:30 30:70 

Borrowing interest (%) 5.5 10 5 

Tax rate (%) 28.2 10 15 

Depreciation period (a) 20 20 20 

H2 cost (US $/kg-H2), nominal 3.44 3.27 3.23 

H2 cost (US $/kg-H2), real 3.82 3.43 3.65 

 

4.3.4. Case 4: Japan’s GTHTR300C + S–I 

Japan’s case involves the intensively developed S–I process and GTHTR300C, which have 
been intensively developed in JAEA. Table 28 summarized the main input data and estimation 
results of Japan’s GTHTR300C + S–I case, the cost is estimated with different financial input 
data. 

 

TABLE 28. FINANCIAL PARAMETERS OF CASE 4: GTHTR300C + S–I 

Financial parameter Japan HEEP default China 

Discount rate (%) 3 5 12 

Inflation rate (%) 0 1 2 

Finance equity (%) 100:0 70:30 30:70 

Borrowing interest (%) 3 10 5 

Tax rate (%) 1.4 10 15 

Depreciation period (a) 20 20 20 

H2 cost (US $/kg-H2), nominal 2.22 2.46 2.40 

H2 cost (US $/kg-H2), real 2.22 2.59 2.79 
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5. DESIGN OF HTR-PM + S–I PLANT AND HYDROGEN COST ESTIMATION 

5.1. HTR-PM plant and parameters 

According to the results obtained from the generic cases 4 and 5, the cost of nuclear hydrogen 
production depends on both the nuclear sector and hydrogen production sector. As for the 
nuclear sector, the economics of nuclear plant depend on the operational cost per kWh and the 
capital cost per installed kilowatts. Figure 18 shows the cross section of the HTR-PM reactor 
building (a) and the modular commercial HTR-PM plant with 6×250 MW(th) nuclear steam 
supply system (NSSS) modules (b). This kind of design is taken as the standard nuclear sector 
for future nuclear power plan, from the viewpoint of technology maturity as well as economics. 

 

  

(a) NSSS of HTR-PM (2×250 MW(th)) (b) HTR-PM plant with multiple NSSS modules 
6×250 MW(th) 

FIG. 18. NSSS of HTR-PM. 

 

However, for the purpose of nuclear hydrogen production, the match of NSSS number to that 
of S–I factory may not be same as that, the throughput of the chemical facility should be taken 
into consideration. 

The throughput of hydrogen and flux 250 MW(th) HTR-PM module 

For the new case design based on the Chinese HTR-PM technology, the assumptions of the 
commercial HTR-PM for H2 production are as follows: 

600 MW(e) reactor for H2 production, electricity needed for the nuclear hydrogen plant is 
supplied by grid; 

HTR-PM plant with multiple NSSS modules：6×250 MW(th) 

The HTR-PM plant design parameters are shown in Table 29. 
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TABLE 29. HTR-PM PLANT DESIGN PARAMETERS 

Parameter Value 

Rated electrical power 210 MW(e) 

Reactor total thermal power 2×250 MW(th) 

Designed life time 40 a 

Average core power density 3.22 MW(th)/m3 

Electrical efficiency 42% 

Primary helium pressure 7 MPa 

Helium temperature at reactor inlet / outlet 250 °C / 750 °C 

Fuel type LEU UO2 TRISO 

Heavy metal loading per fuel element 7 g 

Enrichment of fresh fuel element  
(equilibrium core) 

8.9% 

Active core diameter 3 m 

Equivalent active core height 11 m 

Number of fuel elements in one reactor core 420 000 

Average fuel burnup 90 GWd/tU 

Type of steam generator Once through helical coil 

Main steam pressure 13.24 MPa 

Main steam temperature 566 °C 

Main feedwater temperature 205 °C 

Main steam flow rate at the inlet of turbine 673 t/h 

Type of steam turbine Super high pressure condensing bleeder turbine 

 

Parameters and related cost of construction and operation are from cost estimations of INET. 

5.2. Production data and cost of HTR-PM combined with S–I process 

Based on the Chinese HTR-PM project, the economic potentials of modular reactor nuclear 
power plant were analysed. The estimated budget excluding R&D and infrastructure cost for 
the first HTR-PM demonstration plant is to be 2000 US $/kW(e). The economic impact of the 
main equipment, such as RPV, reactor internals, NSSS, etc., along with the other capital 
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estimates including capital cost, operation cost, fuel cost and power generation cost were 
analysed and compared with the established PWR technology. The percentage of the total 
capital cost are shown in Table 30. 

 

TABLE 30. HTR-PM PLANT DESIGN PARAMETERS 

Items Percentage of the total capital cost 

Reactor plant equipment 24 – 47 

Turbine plant equipment 9 – 11 

Balance of plant (BOP) 3 

Building and structure, construction and 
commissioning 

19 – 20 

First load fuel 3 

Engineering and design, project management, 
owner’s cost 

13 – 15 

Financial cost, tax, etc 19 – 21 

Total 90 – 120 

 

Because the detailed design of the nuclear hydrogen production plant matched to above-
mentioned nuclear plant is ongoing, there is no reliable cost data of H2 production available, 
we temporarily used the data from JAEA for nuclear hydrogen case design and cost estimation, 
the relative data are shown in Table 31. 

 

TABLE 31. HYDROGEN PRODUCTION PLANT COST 

Items Cost (US₡/kWh) 

Capital cost 1.40 – 1.74 

O&M cost 0.99 – 1.11 

Fuel cycle cost 1.44 – 1.46 

Power generation cost 3.84 – 4.28 

 

The main parameters of the H2 production plant matched to the 6×250 MW(th) nuclear reactor 
are shown in Table 32. 
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TABLE 32. MAIN PARAMETERS OF NUCLEAR REACTOR 

Parameter Value 

Rated thermal power 250 MW(th)/unit 

Number of NSSS 6 

Total thermal power of the plant 1500 MW(th) 

Electricity production 50 MW(e) 

H2 conversion process S–I process 

H2 conversion efficiency 40% 

H2 production rate 4.5 kg/s 

5.3. Nuclear hydrogen production plant 

With the parameters of nuclear plant and hydrogen plant and relative cost, along with the other 
supplemental parameters, a new nuclear hydrogen production case of HTGR combined S–I 
process hydrogen production is designed, and the case sheet is shown in Table 33. 

TABLE 33. MAIN PARAMETERS OF NUCLEAR REACTOR 

Item HTR-PM + S–I  
H2 rate: 4.5 kg/s 

HTGR + S–I  
H2 rate: 4 kg/s 

Nuclear power plant 6×250 MW(th)  
HTR-PM 

2×630.7 MW(th) 
HTGR 

Capital investment (total)  1000 M US $ (a) 2000 US $/kW(e) 1210 M US $?? 

Annual O&M expenses 47.3 M US $ 1 US₡/kWh 21.97M US $ 

Capacity factor 90% 90% 

Construction period 3 a 3 a 

Total fuel cost, net 68.58 M US $/a 1.45 US₡/kWh 69.73 M US $/a 

Decommissioning for 
NPP+HPP or just NPP 

101.0 M US $ ? 101.0 M US $ 
10% of CC assumed 

Hydrogen production facility S–I S–I 

Total thermal hydrogen process 
efficiency (HHV) 

45.02% 45.02% 

Capital cost 749.2 M US $ 666.2 M US $ 

Non-process electricity 50 MW(e) 42.8 MW(e) 

Annual O&M expenses 50 M US $ 44.52 M US $ 

Demineralized water 
consumption 

1.278×109 L/a 1.136×109 L/a 

Decommissioning 10% 10% 

(a) The total investment is predicted using linear scaling method based on the pronounced HTR-PM demonstration 
plant. The more accurate investment value for commercial nuclear plant, excluding the investment for electricity 
generation, should be identified; meanwhile, a more reasonable investment scaling model should be adopted. Thus 
the H2 cost estimation for nuclear hydrogen production could be more accurately conducted. 
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5.4. Cost estimation and analysis 

The H2 cost of the HTR-PM + S–I case was estimated using HEEP and is shown in Table 34, 
the results and cost breakup are shown in Fig. 19. 

TABLE 34. ESTIMATED H2 COST OF THE HTR-PM + S–I CASE (UNIT: US $/kg-H2) 

 NPP HGP Total 

Capital cost (Debt) 0.36 0.14 0.5 

Capital cost (Equity) 0.44 0.18 0.62 

O&M and refurbishment 0.48 0.57 1.05 

Consumable cost 0 0 0 

Decommissioning cost 0.06 0.02 0.08 

Fuel cost 0.27 0. 0.27 

Total of facilities 1.61 0.91 2.52 

 

 

FIG. 19. Cost estimation for case HTR-PM-IS. 
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6. CONCLUSIONS AND SUGGESTIONS 

6.1. Concluding remarks 

The hydrogen cost of the HTR-PM + S–I case was estimated using HEEP and is shown in 
Table 34, the results and cost breakup are shown in Fig. 19. 

6.1.1. Comments on HEEP 

Generally speaking, HEEP is a powerful tool for cost estimation of the nuclear hydrogen 
production technology. Based on the offered data by IAEA, the cost of H2 from five generic 
nuclear hydrogen production cases were estimated, the contributions of the various parts, such 
as capital cost, O&M cost, decommissioning cost of NPP and HGP to the cost of H2 were 
estimated and compared. The reasons for the cost differences between various technologies 
were discussed, and some suggestions for improvement of the HEEP software were presented. 

The progress of HTR-PM, as well as the nuclear hydrogen production program, was presented. 
The hydrogen economics estimation program (HEEP) software was used to estimate the cost 
of hydrogen generated under five typical cases, i.e. APWR-CE with three different scales, 
HTGR-IS and HTGR-HTSE. The sensitivity of key factors, including financial factors and 
technical factors, were analysed to determine the key factors to influence the cost. Based on 
Chinese HTR-PM, a new case of nuclear hydrogen production, i.e. HTR-PM-IS, was designed, 
the cost of hydrogen under this scenario was estimated using HEEP and compared to that under 
generic case. Finally, some suggestions and comments on HEEP application were proposed. 

6.1.2. Some problems in the application of HEEP 

Some problems were encountered in the application of HEEP. For example, some variations of 
input do not affect the estimation results, the units of some data are ambiguous, etc. In the 
capital cost of HGP part, the required input is the unit capital cost ($/kg), however, when it is 
input, the estimation results will be absurd. 

6.2. Suggestions 

HEEP is a powerful tool for cost estimation of the nuclear hydrogen production technology, 
especially for those who are not specialist of finance and techno-economics. 

HEEP is a kind of `black-box` tool, therefore, the accuracy and the reliability of the H2 cost 
estimated dominantly depend on the reliability of the input data, therefore, it is essential to get 
reliable data. 

Costs for some activities contained in HEEP (such as decommissioning, treatment and disposal 
of spent fuel, et al) are hard to estimate. 

Because there are some differences between the results obtained by users and the developing 
people, a standard input list from the designer will be very helpful. 
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1. INTRODUCTION 

 In 2011, the world’s consumption of primary energy amounted to 13 070 MTOE, of which a 
dominant fraction of 82% originates from fossil fuels [1]. Satisfying the need of future 
generations for a more sustainable development, the objective of climate change policies must 
be to enhance the trend towards renewable energies and other non-fossil alternatives. Both 
nuclear and solar energy represent significant carbon free sources which may contribute robust 
elements to a cleaner energy economy to develop domestic energy sources for the purpose of 
energy security and stability, and to reduce national dependencies on imports of fossil fuels. 
Hydrogen, on the other hand, represents a fuel which is clean, powerful and an environmentally 
benign source of energy to the end user. The high temperature process heat required for its 
production represents a major component of the industrial energy demand. Selected solar 
systems as well as high temperature gas cooled reactors (HTGR) are suitable for the generation 
of high temperature process heat. 

Currently hydrocarbons are the most applied feedstock for mass production of hydrogen and 
are expected to continue to do so for the next decades. Steam reforming of natural gas covering 
worldwide about half of the hydrogen demand, is one of the essential processes in the 
petrochemical and refining industries. In conventional plants, the process heat required is 
provided by burning a part of the natural gas (autothermal). An alternative option would be to 
provide an external process heat source (allothermal) and, thus, saving resources and reducing 
specific CO2 emissions. On the long term, the clean production methods will most certainly be 
based on water as feedstock. High temperature electrolysis reduces the electricity needs up to 
about 30% compared to conventional low temperature electrolysis and could make use of high 
temperature heat and steam from nuclear or solar power sources that are capable of providing 
correspondingly high temperature process heat. In thermochemical (hybrid) cycles, a series of 
thermally driven chemical reactions takes place where water is decomposed into hydrogen and 
oxygen at moderate process temperatures. 

Nuclear and solar primary energy may serve different purposes, if used for the clean production 
of hydrogen, and they complete each other. While nuclear energy could play a major role in 
centralized H2 production on a large scale at a constant rate, solar and other renewable energy 
sources with their low density energy and typically intermittent operation mode will be 
preferable for dispersed systems of H2 generation. In addition, both types have in common that 
they can be applied to generate electricity and provide it to the grid. Also natural gas could be 
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used as feedstock for centralized and decentralized H2 production. Both grid bound forms of 
energy are consumer friendly and widely available. 

The aim of this study is the energy system analysis of CO2 neutral process heat and power 
supply to be delivered to a hydrogen production system. For this purpose, various possibilities 
for hydrogen production and their respective requirements to the energy supply system are 
examined. But also specific conventional (fossil), solar, and nuclear energy supply systems 
which meet these requirements are being investigated with the purpose to estimate and compare 
costs of hydrogen generation using the IAEA software HEEP. 

2. NUCLEAR ASSISTED PRODUCTION OF HYDROGEN 

2.1. Importance of hydrogen 

A strong increase in the demand for hydrogen is foreseen in near future. Not only are rapidly 
growing markets for hydrogen anticipated in the chemical industries, a.o. as a raw material for 
upgrading of mined oil resources, but also as clean fuel in the transportation sector. An essential 
question will therefore be of how to generate and supply hydrogen in sufficient quantities. More 
than 95% of the world’s hydrogen production are generated on the basis of fossil fuels. Given 
their serious impact on the climate, they have to be gradually substituted for clean alternatives. 
Water is expected to become a major source for hydrogen in the future with the necessary 
process heat for extracting the hydrogen to be provided by CO2 emission free energy sources. 
With respect to hydrogen production on a large scale at a constant rate, nuclear energy may 
play an important role. 

Worldwide hydrogen production is currently 53 million metric tonnes or 630×109 Nm3 (higher 
heating value, HHV) [2], of which 20×109 Nm3 are consumed in Germany. Because of its large 
specific energy contents, hydrogen is a highly demanded raw material in the chemical and 
petrochemical industries. In addition, there is a huge potential for hydrogen to be used as vehicle 
fuel or as a storage medium for energy from low density renewable energy sources. 

2.2. Hydrogen production process 

The hydrogen production processes can be divided into thermal processes, electrolysis 
processes and thermochemical cycles. Today, the process heat required for hydrogen 
production is basically coming from the combustion of fossil fuels accompanied by the 
emission of climate affecting gases. CO2 neutral or even CO2 emission free alternatives to the 
fossil derived process heat is the heat that could be supplied by nuclear or renewable (solar) 
energy sources. 

Besides the most widely used steam–methane reforming (SMR), two other processes are 
highlighted which on the one hand allow the absorption of high temperature process heat and 
on the other hand also have the potential to become commercial in the near future. These are 
the high temperature electrolysis and the sulfur–iodine process. All these processes require 
process heat at temperatures above 700 °C. Such high temperatures can be provided by the solar 
tower and the high temperature reactor. 

The hydrogen production processes that were considered within HEEP activities are shortly 
described in the following subsections. More detailed descriptions can be found in [3, 4]. 
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2.2.1. Steam–methane reforming 

Steam reforming of methane is currently the most economical and the most widely applied 
technology of hydrogen generation. In the first process step, the natural gas/methane feed is 
desulfurized usually employing a cobalt molybdenum catalyst where the sulfur compounds are 
hydrogenated to H2S. The purified feed is then mixed in the reformer with superheated steam 
at pressures of 2.5–5 MPa and temperatures of about 850 °C and catalytically converted to a 
mixture of hydrogen, carbon monoxide and carbon dioxide. A high temperature, a 
comparatively low pressure and a steam/methane ratio of > 2 favor high conversion rates of 
methane. After cooling, the generated synthesis gas (H2 + CO) can be converted in the water 
gas shift reaction to a mixture of H2 and CO2, thus further raising the hydrogen output. In the 
final step, the pressure swing adsorption, remaining amounts of methane and carbon monoxide 
will be removed eventually resulting in a hydrogen gas purity of 99.99%. The efficiency of 
today’s large-scale reformer plants is about 74% (based on lower heating value). 

A carbon capture and storage system (CCS) would allow the removal of 85% of the CO2 from 
the waste stream using the sorption effect of an alkaline solution. This significant reduction in 
CO2 emissions, however, will be on the expense of an enhanced electricity consumption 
required for gas compression, thus reducing the overall efficiency. 

2.2.2. High temperature steam electrolysis 

Electrolysis is the direct decomposition of water into hydrogen and oxygen using direct current. 
The low temperature alkaline electrolysis is a commercial scale hydrogen production method 
which is economic wherever there is a cheap source of electricity. It accounts for about 4% of 
the world’s hydrogen production, part of which is actually a byproduct of the chlor–alkali 
electrolysis for chlorine manufacture. The process taking place at 90–120 °C and 1.2–2 MPa 
consumes about 4.7 kW of electrical energy to produce 1 Nm3 of hydrogen. 

Membrane electrolysis is an advanced method still in the development phase. It employs a solid 
polymer electrolyte membrane (PEM) instead of an alkaline solution as the ion conducting 
medium. The process operates at higher temperatures of 200–400 °C and higher pressures of 
~3 MPa and its electricity consumption is reduced to about 4 kWh per generated Nm3 of 
hydrogen. PEM electrolysis is simpler in its design, safer and promises higher power densities, 
longer lifetimes, and higher efficiencies of ~90%. 

The high temperature steam electrolysis (HTSE) is also still in the development phase 
promising higher efficiencies and cheaper production cost in the long run. Although the overall 
energy required for the electrolytical water splitting increases with increasing temperature, it is 
the thermal energy needed that rises steeply with increasing temperature, whereas the 
exergetically higher value (and more expensive) electric energy is strongly decreasing. 
Compared to the low temperature electrolysis, electricity consumption in the HTSE is reduced 
by about 35% compared to conventional electrolysis in the high temperature range of 800–1000 
°C. Also the efficiency of electrical generation at this high temperature level is significantly 
better. 

The HTSE cell essentially consists of a solid oxide electrolyte with conducting electrodes 
deposited on either side. The electrolyte is an oxygen conducting ceramic material, typically 
Y2O3 stabilized ZrO2 (YSZ) and MgO. The electrochemical stack can be heated directly by the 
steam supplied to the hydrogen (cathode) electrode which is then dissociated at 750–950 °C 
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and 2 MPa to hydrogen and oxygen ions. The latter migrate through the solid electrolyte to the 
anode where they recombine with electrons to oxygen. 

Energy consumption per 1 Nm3 of hydrogen produced is 2.6 kW of electrical energy, 0.6 kW 
of low temperature thermal energy (for preheating) and 0.5 kW of high temperature thermal 
energy. A practical electricity to hydrogen efficiency of about 90% appears to be realistically 
achievable. The overall efficiency expected is about 50%. The main issue that needs further 
improvement still remains lifetime of the hydrogen electrode which is limited by degradation. 

2.2.3. Sulfur–iodine thermochemical cycle 

The thermochemical cycle is another water splitting process where in the presence of chemicals 
the temperature for thermal decomposition of water molecules is reduced to a technically 
feasible level. A cycle typically consists of 2 to 5 thermally driven process steps with — ideally 
— a net input of water plus heat and a net output of hydrogen plus oxygen. The supporting 
chemical substances are regenerated and recycled, and remain completely inside the system. In 
hybrid cycles, one of the steps is an electrolysis step. Among the several hundreds of 
conceivable thermochemical (hybrid) cycles proposed, only a few were considered sufficiently 
promising and are being investigated in further detail. Most advanced, but still in the 
development phase, is the sulfur–iodine (S–I) thermochemical cycle. It basically consists of 
three process steps. In the so-called Bunsen reaction, I2 and SO2 are reacting with steam at about 
120 °C to form two immiscible acids, HI and H2SO4. The acids are separated, purified and 
concentrated. The other two, endothermic process steps describe the decomposition of these 
two acids. The highest temperature of about 850 °C is required for the decomposition of the 
sulfuric acid resulting in the generation of O2 and SO2 with the latter being recycled to the 
Bunsen section. The decomposition of HI is conducted at around 400 °C forming H2 with the 
left over I2 being recycled to the Bunsen section. Theoretical hydrogen conversion efficiency is 
51%. The targeted figure for the Japanese commercial concept is 48.8%. 

2.2.4. Hybrid sulfur cycle 

Another process of the sulfur family considered worth of further investigation is the so-called 
Westinghouse process, a sulfuric acid hybrid (HyS) cycle. This process consists of only two 
reaction steps where the low temperature step runs in an electrolysis cell to produce a sulfuric 
acid aqueous phase and hydrogen, and the high temperature step — identical to the S–I cycle 
— is the decomposition of the sulfuric acid. The electrolytic step offers the advantage of 
requiring not more than 25% of the electricity needed in the low temperature water electrolysis. 

2.2.5. Copper–Chlorine thermochemical hybrid cycle 

Several alternative thermochemical cycles for hydrogen production were investigated, which 
operate at moderate temperatures in the range of 500–600ºC. Lower operating temperatures 
reduce the costs of materials and maintenance, and can effectively use low grade waste heat, 
thereby improving the cycle and power plant efficiencies. One remarkable example is the Cu–
Cl thermochemical cycle. The maximum temperature level required from the heat source is 
about 550 °C needed to drive the oxygen generation reaction. The Cu–Cl cycle is a hybrid cycle 
consisting of several thermal and one electrochemical reaction. There are several variants of 
the Cu–Cl cycle, a three, four and five step version. The difference to the five step cycle is that 
the latter considers, in a separate step, the physical process of drying. The five-step cycle 
promises an efficiency as high as 41% and has the advantage of employing less expensive raw 
materials compared with the S–I cycle. The electric energy demand was assessed to be 39% of 
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the total energy. The viability of all reactions and, in particular, the H2 and O2 generation, was 
demonstrated on bench scale level. 

The copper–chlorine cycle is being investigated in depth at the Canadian Nuclear Laboratories 
(CNL), formerly Atomic Energy of Canada Limited (AECL). The incentive is given by the 
comparatively low maximum temperature which could be provided by the CANDU type 
supercritical water reactor (SCWR), Canada’s next generation nuclear concept. The copper–
chlorine (Cu–Cl) cycle can be operated at a maximum temperature of about 550 °C. It requires 
much lower operating temperatures than other cycles, with the advantages of reduced materials 
and maintenance costs. Furthermore, this cycle can effectively use low grade waste heat, which 
improves cycle and power plant efficiencies. 

HCl heated up to 475 °C and solid copper are fed into a reactor. The reaction preferably takes 
place at temperatures greater than 425 °C to obtain the CuCl in liquid form. In the 
electrochemical reaction, aqueous CuCl enters the electrochemical cell and is electrolysed, with 
CuCl2 formed at the anode and Cu particles at the cathode exiting the cell. Drying of the aqueous 
cupric chloride is an energy intensive step that requires heat at temperatures less than 100 °C. 
The hydrolysis step is an endothermic, non-catalytic, gas–solid reaction taking place in the 
temperature range 350–400 °C. Here, solid CuCl2 particles react with steam to generate copper 
oxychloride and HCl gas. The endothermic oxygen production reaction requires the highest 
temperatures. It is the thermal decomposition of solid CuO·CuCl2 which produces liquid copper 
monochloride and oxygen gas. 

Heat requirements for the Cu–Cl cycle amount to 221 kJ/g of H2 produced. Studies have shown 
that a large portion could be delivered by low grade waste heat and other heat recovery. Here, 
the waste heat from the moderator of a CANDU reactor could be used. 

2.3. Low carbon based alternatives of process heat production 

2.3.1. Nuclear process heat reactor 

Future nuclear reactors are expected to be further progressed in terms of safety and reliability, 
proliferation resistance and physical protection, economics, sustainability [5]. One of the most 
promising nuclear reactor concepts of the next generation (Gen-IV) is the very high temperature 
reactor (VHTR). Characteristic features are a helium cooled, graphite moderated, thermal 
neutron spectrum reactor core with a reference thermal power production of 400–600 MW. 
Coolant outlet temperatures of 900–1000 °C are ideally suited for a wide spectrum of high 
temperature process heat applications. 

The cogeneration of hydrogen is done by connecting the VHTR to a H2 production plant via an 
intermediate heat exchanger. Top candidate production methods, considered presently by 
various countries, are the sulfur–iodine or alternative thermochemical (hybrid) cycles and high 
temperature electrolysis. Assuming a plant availability of 90% and an overall conversion 
efficiency of (aimed at) 50%, the system would have a capacity of 27.4 t/d of hydrogen (HHV) 
per 100 MW of nuclear thermal power. 

The technology of the VHTR takes benefit of the broad experience from respective research 
projects in the past such as the German Prototype Nuclear Process Heat (PNP) project. But also 
HTGR operation like the HTTR in Japan and the HTR-10 in China, as well as comprehensive 
R&D efforts which were initiated in many countries since recently to investigate HTGR 
systems in connection with nuclear hydrogen production provide valuable knowledge. 
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The following sections provide a short overview of the nuclear process heat reactor concepts 
that are part of the study here (see also [4]). 

A. GTHTR300C 

The JAEA reference concept for commercial nuclear hydrogen production in Japan is based on 
the GTHTR300C (C = cogeneration) reactor [6, 7] to be connected to an S–I thermochemical 
water splitting process. The block type HTGR with a thermal power of 600 MW(th) provides a 
primary coolant outlet temperature of 950 °C. The direct cycle gas turbine efficiently circulates 
the reactor coolant and generates electricity. Hydrogen cogeneration is enabled by adding an 
intermediate heat exchanger (IHX) arranged in series between reactor and gas turbine. 

In the IHX, a part of the thermal power, 168 MW(th), is transferred as 900 °C process heat to 
the hydrogen generation process. The remaining thermal power is used for electricity generation 
of 202 MW(e). The secondary loop, which includes safety design measures such as isolation 
valves, provides for physical and material separation between the nuclear plant and the 
conventional grade hydrogen plant. Assuming an efficiency of 50% and an availability of 90%, 
the average amount of hydrogen is ~26 800 Nm3/h corresponding to the supply of a total of 
about 160 000 fuel cell vehicles (~3.6 Nm3/d). Byproduct is oxygen at a rate of ~13 500 Nm3/h. 

B. H2-MHR 

The GT-MHR design is a General Atomics development characterized by a helium cooled, 
graphite moderated, thermal neutron spectrum reactor with a prismatic and annular core directly 
coupled to a Brayton cycle power conversion system and with a filtered confinement. The 
reactor core producing a thermal power of 600 MW(th) is designed for averaged coolant outlet 
temperatures of 850 °C working with an efficiency in the range of 48–52% for electricity 
production. The option for cogeneration of electricity and process heat has also been studied. 
The GT-MHR for hydrogen production is referred to as H2-MHR [8]. In this process heat 
variant, the coolant outlet temperatures is increased to 950 °C, in order to improve the efficiency 
and economics of hydrogen production, but was limited to 950 °C to avoid any potential adverse 
impacts on fuel performance and materials during normal operation. 

For the HTSE based H2-MHR, approximately 68 MW(th) of heat is transferred through the 
IHX to generate superheated steam and the remaining heat is used to generate electricity. 
Helium at 924 °C temperature and 7.1 MPa pressure enters the thermochemical plant. For the 
S–I cycle based H2-MHR, nearly all of the heat is transferred through the IHX to a secondary 
helium loop that supplies heat to the S–I process. 

C. HTR-Modul 

The baseline concept for a German small modular HTGR is the electricity producing 
200 MW(th) HTR-Modul pebble bed reactor designed by the former German company 
SIEMENISNTERATOM [9]. It is characterized by a tall and slim core which ensures — in 
combination with a low power density — that even in hypothetical accidents, the release of 
fission products from the core will remain sufficiently low to cause no harm to people or 
environment. Consequently, a process heat variant of the HTR-Modul reactor [10] has been 
developed, for which — in comparison to the electricity generating plant — several 
modifications were necessary. 
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The principal cornerstones of the process heat version are a thermal power of 170 MW and a 
helium outlet temperature of 950 °C to deliver process heat for the SMR process. A reduced 
system pressure of 5 MPa was chosen as compromise between a high pressure desired for its 
favorable effect on operating and accident conditions of the nuclear reactor and a low pressure 
desired for chemical process reasons in the secondary and tertiary circuit. 

Without employing an IHX (which was deemed feasible and licenceable at that time), the hot 
helium coolant is directly fed to the steam reformer which consumes 71 MW(th), and to the 
steam generator operated with 99 MW(th). From the total heat transferred into the steam 
reformer, 85% are used for the reforming process, while 15% are taken to heat up the feed gas. 
Partial load conditions of the steam reforming process can be regulated by changing the feed 
gas flow. A requirement, however, is that product gas quality, i.e. composition should remain 
constant, which can be accomplished by maintaining a constant reforming temperature. 

D. Enhanced CANDU6 reactor 

The next generation CANDU reactor concept pursued in Canada is the so-called Enhanced 
CANDU6 or EC6 reactor which evolved from the established CANDU6 technology [11, 12]. 
The EC6 is a third generation, heavy water cooled and moderated reactor mainly designed for 
electricity production with an electric power output of 740 MW(e) and a thermal power of 2084 
MW(th). In general, CANDU6 is considered the only commercialized reactor with adaptability 
and flexibility in the fueling arrangements. Fuel alternatives starts from recovered or 
reprocessed uranium fuel to advanced fuel like thorium and actinides. Similar to all CANDU 
reactors, the EC6 design is based on the use of horizontal fuel channels (here 380) arranged in 
a square pitch. Each fuel channel houses twelve 37-element fuel bundles containing natural 
uranium fuel and the pressurized D2O coolant. They are mounted in a calandria vessel 
containing the low-temperature, low-pressure D2O moderator. The fission heat is carried by the 
reactor coolant to four steam generators provided in the heat transport system producing steam 
at 260 °C. 

The fundamental product of the nuclear reactor is steam from the coolant system steam 
generators. Alternatively, to routing this steam to a turbine, it could also be used as process 
steam for, e.g. oil sands application. Each oil sands project, however, will have its own specific 
features regarding steam amount, steam pressure, electricity demand, location, etc., and 
therefore needs its individual solution in order to optimize CANDU economics as far as possible 
[13]. 

2.3.2. Nuclear heat decoupling 

The combination of an external heat source with chemical processes will need a device to 
decouple the heat from its origin to the heat utilization system. In the case of a nuclear plant, it 
is the IHX to provide a clear separation between nuclear plant and heat application. Under 
normal operating conditions, the IHX prevents the primary coolant from accessing the process 
plant and, on the other side, process gases from being routed through the reactor containment, 
thus limiting or excluding a potential radioactive contamination of the product (e.g. by tritium). 
Furthermore, the physical separation allows for the heat application facility to be conventionally 
designed meaning easy maintenance and repair works under non-nuclear conditions. The 
VHTR will have three heat exchanging levels, from the primary side to an intermediate circuit, 
then to a heat delivery system of the chemical plant before transferred to various chemical 
processes. 
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Different technologies for heat exchanging components designated for nuclear applications 
have been developed in the past. Two IHX components, one with a helical tube bundle and the 
other one with U-tubes, designed for a power level representative for large and medium sized 
plants were constructed by German companies and tested under conditions of nuclear process 
heat applications in a 10 MW(th) component test loop, KVK, with 950 °C helium on the 
primary and 900 °C helium on the secondary side [14]. In the Japanese HTTR, a 10 MW 
helically coiled IHX component is presently being operated under the same conditions. New 
IHX designs currently under investigation for nuclear applications are the so-called `Printed 
Circuit Heat Exchangers`, PCHE, are composed of metal plate layers containing alternately 
coolant channels for the primary and secondary fluid and stacked together to a solid, all metal 
core. PCHEs are highly compact, robust and thermally efficient. 

For both nuclear and solar systems, appropriate material selection will be essential. A 
qualification program for high temperature metallic materials must demonstrate their good long 
term performance. In the nuclear case, candidate materials will be exposed to helium of 1000 °C 
with impurities such as CO, CO2, H2, H2O, CH4 and to neutron irradiation. The experience 
gained so far has disclosed that the technical solution of material problems requires further 
efforts in future. 

2.3.3. Solar thermal systems 

Also, solar energy can be converted in usable thermal energy by employing solar thermal plants 
that operate with concentrating collector devices. Different from flat or tube collectors of low 
temperature systems to provide heat at temperatures below 150 °C (hot water), high 
temperature solar thermal systems are suitable to generate electricity in the range of 10 to 
1000 MW and to deliver process heat of 1000 °C or higher to produce saturated or superheated 
steam for steam turbine cycles or compressed hot gas for gas turbine cycles. Such high 
temperature solar thermal systems are able to provide virtually CO2 emission free energy for 
hydrogen generation [15]. 

Different technologies have been developed for concentrating the solar insolation to produce 
steam or hot air. Concentration of radiation can be done through line concentrators or point 
concentrators. The former group includes parabolic or linear Fresnel troughs where the sunlight 
is mirrored onto an absorber tube which carries a fluid that can be heated up to 500 °C. The 
latter, point concentrating group includes dish–engine systems and solar towers, both of which 
can achieve much higher temperatures. 

The overall conversion efficiency from solar energy to electricity is low compared to 
conventional steam cycles, which is due to the low efficiency when converting solar radiative 
energy to heat within the collector, while the conversion of the heat to electricity in the power 
block is the same as in conventional fuel fired power plants. It is generally assumed that solar 
concentrating systems are economic only for locations with direct incidence radiation above 
1800 kWh/(m2∙a) [15]. The performance capability of a solar system is typically given in form 
of a concentration factor defined by 

AI

Q
C solar


  

where Qsolar is the receiver input power, kW; I  is the solar constant, i.e. the mean solar 
irradiance at a mean distance from Sun to Earth, = 1.3608 kW/m2; A is the aperture, m2. 
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Today’s installations have capacity factors of around 25%. Some characteristic features of these 
technologies are listed in Table 1 [15]. 

TABLE 1. CHARACTERISTICS OF VARIOUS CSP TECHNOLOGIES 

Type of plant Capacity per 
unit 
(MW(th)) 

Concentration 
factor 

Annual solar 
efficiency  
(%) 

Peak solar 
efficiency 
(%) 

Thermal 
cycle 
efficiency 
(%) 

Parabolic trough 10–200 60–100 15–16 23–27 30–40 

Linear Fresnel trough 10–200 60–100 8–10 18–22  30–40 

Dish–Sterling 0.01–0.4  up to 3000 20–25 20–30 30–40 

Power tower 10–150 up to 1000 15–17 20–27 30–40 

 

Of the different types of solar systems, parabolic trough plants use synthetic heat transfer oil as 
heat transfer medium. Limitation is given by the maximum operation temperature of the heat 
transfer oil of not more than about 400 °C which is used to produce steam at 375 °C and a 
pressure of 10 MPa. This results in a power block efficiency of 37%. An alternative to parabolic 
trough collectors is the linear Fresnel collector. The employment of flat mirrors replacing the 
curved mirrors leads to a simpler design of the system and promises lower investment costs 
compared to parabolic trough collectors. Furthermore, such a system is also less sensitive to 
wind forces. On the other hand, the simple optical design of the Fresnel system leads to a lower 
optical efficiency of the collector field, requiring about 33–60% more mirror aperture area for 
the same solar energy yield compared with the parabolic trough. 

To achieve process temperatures in the range of 800 °C and beyond, in principle, two mature 
solar technologies are available: 

A. Solar dish 

Solar dish systems concentrate direct sunlight in a rotationally symmetric, paraboloid shaped 
mirror onto the focus where a receiver connected to a Stirling engine is placed. Steady tracking 
of mirror and engine on two axes is needed to obtain highest temperatures of up to 900 °C. 
Alternative heat transfer media are steam/water and molten salts. 

While dish–Stirling systems have the highest electricity generation efficiency (up to 35%), they 
are presently limited in size (< 100 kW capacity per unit, typically 10–30kW). They are better 
suited for decentralized applications rather than for heat supply to larger scale industrial 
applications. Only few individual demonstration units have ever been built and successfully 
operated to date. Considering the complexity of these systems and the large number of moving 
parts, this technology will find it difficult to compete with, for example, concentrating 
photovoltaics. 
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B. Solar tower 

For a commercial scaleup to the megawatt range, solar thermal central receiver systems (CRS) 
or solar towers can achieve the required temperature level and multi-megawatt power levels. 
CRSs have been under investigation since the 1970s when various installations were planned 
and built worldwide. Several hundreds of tracked and typically slightly shaped mirrors, so-
called heliostats, are arranged around a tower. They redirect and concentrate solar radiation to 
one spot on top of the tower where the radiation is collected. The solar energy is absorbed by a 
working fluid and then used to generate steam to power a conventional steam turbine. 

Solar tower concepts basically differ in the receiver design and the heat carrier applied. 
Presently existing are closed receivers (volumetric pressure receiver, tube receiver) and open 
receivers (volumetric air receivers). Pressure receivers use pressurized gases as heat carrier 
fluids (e.g. air) that are heated up to > 900 °C. For gas turbine applications, they can be further 
heated up by additional fossil firing in a combustion chamber. Tube receivers employ bundles 
of several hundreds of blackened steel tubes to take the solar radiation. The cooling fluid inside 
the tubes is often a molten salt of potassium and sodium nitrates at a pressure of 10 MPa. 
Coolant exit temperatures are 565 °C for the molten salt and even up to 800 °C for air. The 
design of a solar receiver has been developed within the European SOLGATE project for 
heating pressurized air by placing the volumetric absorber into a pressure vessel with a 
parabolic quartz window for solar radiation incidence. 

The other concept, open receiver, works at atmospheric pressure where a wire mesh is directly 
exposed to the incident radiation and cooled by ambient air flowing through the mesh. Hot air 
of ~750 °C then leaves the solar tower and exchanges heat with a conventional steam turbine 
cycle. Even higher temperatures are possible if the wire mesh screens were replaced with porous 
SiC or Al2O3 structures. By concentrating the sunlight 600–1000 times, they achieve 
temperatures from 800 °C to well over 1000 °C. A heat storage concept can also be realized 
with more ceramic bodies, through which hot air is flowing. Advantages are the abundantly 
available air as heat carrier, sufficiently high temperatures and short startup times. Drawbacks 
are the low heat transfer coefficient of air requiring large volume flows and the fairly inefficient 
heat storage. 

A site near Seville in Spain is location of the PS10 plant, the first commercial CRS brought into 
operation in 2007, and PS20 which started operation in 2009. The 10 MW(e) plant PS10 with 
an 80 m high tower consists of a 75 000 m2 heliostat field of 624 heliostats with 120 m2 each, 
a saturated steam receiver and a 30 minute thermal storage. It generates 20 GWh/a of solar 
electricity. The 20 MW(e) plant PS20 has a power tower with 165 m height and consists of 
1255 heliostats with 120 m2 each. 

The collector field is usually designed to provide, under good solar conditions, more energy 
than the turbine can accept. This surplus energy can be taken to charge a heat storage, with the 
heat to be retrieved provided as energy input to the turbine system during periods of insufficient 
solar radiation. The storage medium can be, for example, a liquefied nitrate salt mixture. If 
heated from 300 °C to 400 °C, the stored heat capacity provides 7–8 h of operation capacity. 
Thus, electricity production is extended. 

Solar tower plants may reach higher temperatures and hence higher thermodynamic efficiencies 
than linear concentrating plants, because of their high concentration factors. They have, 
however, medium to long term potential to produce electricity at lower costs than trough plants, 
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owing to the higher efficiencies which may be achieved at receiver temperatures exceeding 
800 °C. 

High electricity generation efficiencies may be reached with solar heated gas turbines, which 
may even be increased further in combined cycle processes. In addition, the specific cooling 
water consumption is reduced significantly compared to steam cycle systems. Gas turbines 
require high solar receiver outlet temperatures and heat transfer efficiencies. This can be 
achieved in volumetric receivers covered by a dome-shaped quartz glass window to contain the 
pressurized air. 

 

2.3.4. Solar heat decoupling 

In the case of solar powered systems, decoupling of heat source and chemical plant facilitates 
the compensation of fluctuating and intermittently available power input. This is particularly 
important if units of the chemical system require steady state conditions over long periods. 
Beyond that, decoupled systems allow for an easier integration of thermal and chemical storage 
units to compensate daily or seasonal variation of solar supply. The same applies for hybrid 
operation, i.e. the combination with burner firing or with a nuclear heat source. 

The synthetic oils presently in use as heat transfer media allow for temperatures up to 400 °C. 
Higher temperatures above 600 °C can be achieved if replacing the oil with water/steam, molten 
salt or even a common gas. Advantages of molten salts are their lower costs, high heat capacity, 
the operation at low pressures, storability in tanks and environmental compatibility if compared 
with synthetic oil. Problems are the corrosiveness of salts, poor heat transfer coefficients and 
the necessity to maintain them in liquid state, i.e. above their melting temperatures around 
220 °C. The latter requires overnight circulation with high heat losses and backup procedures 
during unexpected plant shutdown. 

Direct solar steam generation in the absorber tubes of parabolic trough collectors is also feasible 
and promises an improved economy of solar thermal power plants due to an increased steam 
temperature. It requires, however, a complicated process control to avoid instabilities and the 
problem of heat storage from the generated steam. Steam temperatures up to 400 °C at 10 MPa 
have been demonstrated in a 2 MW(th) test loop in Spain [15]. 

The heat can be used for high temperature (600–2000 °C) chemical reactions either directly at 
the tower platform or by transferring the heat via a heat transfer fluid to a chemical plant. 

2.4. Parameters relevant for energy economic system analysis 

The following two tables summarize the essential parameters of various nuclear and solar 
energy sources (Table 2) and of various hydrogen production methods (Table 3). 

At present, steam reforming of methane is the most economic industrial production method for 
hydrogen. Production cost will increase if — due to ambitious climate goals — CCS systems 
will be introduced. The same applies to coal gasification and other fossil based production 
methods. 
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If prices of fossil energies will increase in future, renewable or nuclear assisted production 
methods could become competitive. Renewable energies are more favorable for production 
methods that need large amounts of electricity. 

 

TABLE 2. ESSENTIAL PARAMETERS OF VARIOUS NUCLEAR AND SOLAR SOURCES FOR 
HIGH TEMPERATURE PROCESS HEAT DELIVERY 

Plant Temperature  
(°C) 

Pressure  
(MPa) 

Thermal energy 
(MW(th)) 

Electrical 
efficiency  
(%) 

Nuclear     

HTR-Modul 950 5.0 170 40 

GTHTR300C 950 5.1 600 45.7 

HTR-PM 750 7.0 250 40 

H2-MHR 950 7.0 600 48–52 

Solar     

Parabolic trough 400  10–200 15–16 

Linear Fresnel 
trough 

400  10–200 8–10 

Dish–engine 1000  0.01–0.4 20–25 

Solar power tower 1000  10–350 15–17 

 

TABLE 3. ESSENTIAL PARAMETERS OF VARIOUS METHODS FOR HYDROGEN 
PRODUCTION 

Production method Temperature  
(°C) 

Hydrogen production 
efficiency (%) 

Steam–methane reforming with CCS 750–900 < 74 

Coal gasification with CCS 800 < 60 

Pyrolysis and biomass gasification 900 50–60 

Alkaline electrolysis 120 63–67 

Membrane electrolysis 120 50 

High temperature steam electrolysis 700–1000 50 

Sulfur–iodine cycle 900 < 50 

Sulfur hybrid cycle 900 48.8 

Metal–metal oxide cycle 400–1800  
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3. HEEP SOFTWARE 

 Basis for all calculations presented here is the Hydrogen Economic Evaluation Programme 
(HEEP) (version as of November 2012), a software that has been developed for IAEA by the 
Bhabha Atomic Research Centre, BARC, India [16]. This tool can be used to perform the 
economics of the most promising processes for hydrogen production by estimating hydrogen 
production costs. Current processes considered in HEEP include steam– methane reforming, 
thermochemical (hybrid) processes conventional (low temperature) electrolysis and high 
temperature steam electrolysis. The reactor concepts included are water cooled reactors (e.g. 
pressurized water reactor (PWR) or pressurized heavy water reactor (PHWR)) for the lower 
temperature range, sodium cooled fast breeder reactors (FBR), molten salt cooled reactors 
(MSR), and the supercritical water reactor for the medium range temperature, and the VHTR 
for the high temperature range. The software is also suitable for comparative between nuclear 
and fossil energy sources, and for solely hydrogen production or cogeneration with electricity. 

HEEP consists of three modules [17]: 

Preprocessing module to enter technical details, chronological inputs and cost components for 
(a) the nuclear plant, (b) hydrogen generation (c) hydrogen storage, and (d) hydrogen 
transportation; 

Executing module to estimate levelized cost of hydrogen generation; and 

Postprocessing module to display the results generated. 

All three modules are integrated to work as single window based application. 

Cost estimation is made by applying the so-called net present value method taking account of 
costs arising from the production via storage to the distribution and final delivery to the end 
consumer. This study, however, does not consider storage and transport cost and rather focuses 
on process heat delivery and hydrogen production. 

With regard to the process heat delivery, HEEP works with the characteristic parameters of 
both nuclear and conventional heat sources. In addition, it is possible for the electricity required 
to be either supplied internally by onsite production from the power plant or to be purchased 
externally (taken from the grid). With regard to hydrogen production, all important production 
methods are implemented in HEEP and can be compared among each other with respect to the 
evoling costs. The HEEP results do not provide exact hydrogen prices, but rather provide an 
economical decision basis by analyzing and comparing different hydrogen generation 
strategies. 

Since time period and chronology of events are important parameter affecting economics of 
nuclear hydrogen generation, the programme estimates “Levelized Hydrogen Generation Cost” 
(LHGC) by bringing down all cost components over the period of life cycle at one level using 
the method of discounting. 

3.1. Determination of technical and economical input parameters 

The main menue of HEEP provides an overview of all relevant input parameters. Financing 
details include the discount rate, inflation rate, the equity/debt ratios, the interest on credits and 
the depreciation period. Construction and operation periods are defined in the temporal details 
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of the total plant. Technical and economical parameters of the nuclear plant are thermal and 
electrical power of the reactor, the amount of process heat to be delivered to the hydrogen plant, 
initial loading and annual reloading of nuclear fuel, capital cost, share of electricity generation 
in capital cost, operation and maintenance cost and decommissioning cost. For the hydrogen 
production plant, the essential input comprises hydrogen production rate, electricity and heat 
consumption, capital cost, operation and maintenance cost, decommissioning cost, as well as 
the cost for electricity from the external grid if applicable. The principal result of HEEP is then 
the total hydrogen production cost (in US $/kg-H2) and the corresponding shares related to 
capital cost and the costs for operation and maintenance, fuel and decommissioning. 

3.2. Net present value method 

The calculation of hydrogen production cost in HEEP is based on the net present value or 
discounted cash flow (DCF) methodology [18] representing the basis of value oriented planning 
and decision making of any company today. This method allows, in the dynamic investment 
calculation, the determination of the value of large scale investment projects. To determine the 
capital value, future cash flows are discounted to a defined moment in time. For this purpose, 
preferably reliable and periodic cash flows as well as an appropriate discount rate have to be 
assessed. The following formula is used to calculate the so-called present value (PV) as the sum 
over all cash flows (CF), i.e. inpayments and outpayments: 
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where 

CFt  is the cash flow at time t; 

r  is the discount rate; 

T  is the period of time considered. 

For a no risk capital investment, the discount factor πt with the interest rate i represents the price 
that a capital invester has to pay today to claim exactly 1 € at time t [19]. The further in future 
a payment CFt and the higher the interest rate i, the lower is the present value of that payment. 
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In such a way, all future cash flows can be predicted with a certain reliability. In case of an 
uncertain investment, a premium for risk is added to the no risk interest rate resulting in a 
discounting factor characterized by a discount rate (r) which is composed of the interest rate 
plus a premium for risk 
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The interest rate (i) can be derived from the average value of basic interest rates. The amount 
of the premium can be typically determined by applying a variety of models based on market 



 

155 

 

data and the preferences of the investment decision maker. In this study, a certain value from 
the literature will be taken. 

For the calculation of the hydrogen generation cost with HEEP, a cost unit accounting is 
conducted. The intention is to make all costs related to plant technology, decommissioning, 
transport comparable for all the various energy technologies over an equal period of time. In 
this regard, `levelized` costs correspond to `annualized` costs. The approach of the cost unit 
accounting to calculate the levelized hydrogen generation cost, LHGC, is given by the ratio of 
the present value of all payments/costs (in US $) over the total amount of hydrogen produced 
during the operation period (in kg): 

   2/$
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The LHGC represents the `long term lower price limit`, i.e. a threshold for the price of 1 kg of 
hydrogen that needs to be traded on the market to at least cover all costs involved (`breakeven 
equation`). The present value PV is determined by the summation over all types of cost. In the 
case here, the PV of all outpayments is composed of the capital cost, operation and maintenance 
cost, fuel cost, other external cost and decommissioning cost. 

A. Capital costs 

The PV of capital cost is calculated as shown in equation (1). Principal constituent is the plant 
investment consisting of equity and debts. In addition, tax savings by depreciation (scheduled 
depreciation of assets) are to be considered. In HEEP, a linear depreciation is done. 
Furthermore, interests on borrowed capital must be considered. 
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where t0 is the reference year, and s is the tax rate. 

B. Operation and maintenance costs, refurbishment costs 

Operation and maintenance cost include all due payments from beginning to the end of 
operation. Among them are labor cost, fuel cost, raw material cost (e.g. for natural gas in SMR), 
and cost for CO2 certificates. The calculated total cost is entered as fraction of the capital cost 
(in %). 
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Energy consumption cost may arise for the operation of the hydrogen production plant, the 
storage unit and the transportation system. 



 

156 

 

 
 







endoperation

startoperation

tt

tt
tt

t

r

tnconsumptioenergy
tnconsumptioenergyPV

01

cos
cos     

If the electricity needed for driving compressors, pumps and other plant components is not 
covered by the nuclear plant, it must be purchased on the market. In this case, the annual energy 
consumption costs are edited in the HEEP sheet as constant, absolute values composed of the 
costs for thermal and electrical energy and other fixed costs. Otherwise, in case of in-house 
supply of (nuclear) energy, energy consumption costs are set to zero. 

Reconstruction costs capture additional investment cost for refurbishment measures. In the 
accounting system, expenditures, e.g. for the addition of a building or the substantial 
improvement beyond the original status are liable for depreciation. Reconstruction costs that 
are due at a certain moment in time will be uniformly distributed over the total operation period. 
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C. Nuclear fuel costs 

Nuclear fuel costs arise only during operation of the nuclear plant. They are derived from the 
annual fuel reloading (in kg) and specific fuel cost (in US $/kg) 
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D. Decommissioning costs 

Following the operation of a plant is its decommissioning phase. For the nuclear plant, this 
typically includes the cooling of the fuel elements, the removal of the plant, and disposal of the 
radioactive waste and extends over many years. The total cost are entered as fraction of the 
capital cost (in %). 
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Summarizing it can be stated that each payment flow can be valuated by its present value. It 
should be noted, however, that this model assumes a constant discount rate, constant prices, e.g. 
for fuel, and a tax rate that remains unchanged over the whole period of time in consideration. 
On the other hand, simplified assumptions are sufficient to recognize tendencies of economic 
efficiencies. 
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4. HYDROGEN PRODUCTION COST FOR GENERIC CASES 

4.1. Scenarios and boundary conditions 

 There are five cases that have been selected for the HEEP generic cases benchmark exercise. 
The first three cases assume an advanced PWR to be coupled to a hydrogen production plant 
based on conventional (low temperature) electrolysis. These cases are distinguished by the plant 
size resulting in three different H2 production rates of 4 kg/s, 8 kg/s, and 12.43 kg/s, 
respectively. The remaining two cases refer to a high temperature reactor to be coupled to 
hydrogen production applying high temperature steam electrolysis and the sulfur–iodine 
thermochemical cycle, both with a hydrogen production rate of 4 kg/s. 

The following two tables summarize all relevant input data requested in HEEP for the nuclear 
plant (Table 4) and for the hydrogen production plant (Table 5). 

With the assumed efficiencies for nuclear thermal power conversion to electricity, the 
respective thermal powers of the APWRs and the electric powers of the HTGRs were 
determined. Furthermore, assumptions were made for the initial fuel load, the annual reload 
being one-third of the total fuel, infrastructure cost for electricity generation (in % of the capital 
cost (CC)), and the operation years of the plants to be 40 years. If electricity is needed that is 
not provided by the nuclear plant itself, it is assumed to be purchased on the market at a price 
of 72 US $/MWh. 

Case 4, HTGR coupled to HTSE, appears to be an ill-defined example. Electrolytical hydrogen 
production without any electricity, neither from onsite production nor from purchase on the 
market, does physically not work. But here, just for the sake of comparability with the other 
benchmark partners’ results, this case is calculated with the as-received input data. 
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TABLE 4. NUCLEAR POWER PLANT INPUT PARAMETERS FOR THE GENERIC CASES 

 H2 rate: 4 
kg/s 

H2 rate: 8 
kg/s 

H2 rate: 
12.43 kg/s 

H2 rate: 4 
kg/s 

H2 rate: 4 
kg/s 

Nuclear plant Two units 
APWR 

Two units 
APWR 

Two units 
APWR 

Two units 
HTGR 

Two units 
HTGR 

Thermal power 
(MW(th)/unit) 

1089.39 2178.79 3384.85 509.3 630.7 

Electric power 
(MW(e)/unit) 

359.5 719 1117 0 0 

Efficiency (%) 33 33 33 40 40 
Capital investment total 
(M$/unit) 

3155(a) 
scaled  
data for 
PWR(b) 

4656.5(a) 
scaled data 
for PWR(b) 

5964(a) 402.3(c)  
linear 
scaling 

605(d)  
linear 
scaling 

Electricity generating 
infrastructure cost (% of 
CC) 

10 10 10 0 0 

Annual O&M expenses 
(M$/unit) 

52.45(a) 
linear 
scaling 

77.4(a)  
linear 
scaling 

99.14(a) 23.475(c)  
linear 
scaling 

10.985(d)  
linear 
scaling 

Annual O&M 
(% of CC) 

1.66 1.66 1.66 5.84 1.82 

Capacity factor (%) 93(e) 93(e) 93(e) 90(c) 90(d) 
Initial fuel load 
(kg/unit) 

27 000 54 000 75 000 14 000 18 000 

Annual fuel reload 
(kg/unit) 

9000 18 000 25 000 5000 6000 

Fuel cost ($/kg) 1400 1365 1260 3660 5535 
Total fuel cost (net)(f) 
(M$/a/unit) 

17.475(g) 25.8(g) 33.045(g) 19.12(c)  
linear 
scaling 

34.865(d)  
linear 
scaling 

Decommissioning (% of 
CC) 

2.8(h) 2.8(h) 2.8(h) 10 
47.01 /unit(c) 

10 
50.5 /unit 

Construction period (a) 5(i) 5(i) 5(i) 3(c) 3(d) 
Operating years (a) 40 40 40 40 40 
CC = capital cost;  O&M = operation & maintenance;   APWR = advanced pressurized water reactor; 
 HTGR = high temperature gas cooled reactor 

(a)  Ref. [20] 
(b)  Ref. [21] 
(c)  Ref. [22] 
(d)  Ref. [23] 
(e)  Ref. [24] 
(f)  All nuclear fuel disposal costs are assumed to be included in the fuel costs [20] 
(g)  For cases 1–3, nuclear fuel costs are calculated from the O&M costs assuming total production costs are 
25% (fuel) + 75% (O&M) [25] 
(h)  Ref. [26] 
(i)  Ref. [27] 
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TABLE 5. HYDROGEN PLANT INPUT PARAMETERS FOR THE GENERIC CASES 

 H2 rate: 4 
kg/s 

H2 rate: 8 
kg/s 

H2 rate: 
12.43 kg/s 

H2 rate: 4 
kg/s 

H2 rate: 4 
kg/s 

Nuclear plant Two units 
APWR 

Two units 
APWR 

Two units 
APWR 

Two units 
HTGR 

Two units 
HTGR 

Hydrogen plant 1-unit CE 1-unit CE 1-unit CE 1-unit HTSE 1-unit S–I 

H2 generated(a) (kg/a) 1.17×108  2.35×108  3.65×108  1.14×108  1.14×108  
Thermal hydrogen 
process effi (%) 

26.07(b) 26.07(c) 26.07(c) 39.82 (h) 45.02(e) 

Heat consumption 
(MW(th)) 

0 0 0 1020 1261.4 

Electricity 
consumption 
(MW(e)) 

719 1438 2234 0(c) – 

Non-process 
electricity required 
(MW(e)) 

– – – – 42.8(c)  

Capital cost (M$) 422.6(d) 845.2(d) 1313(d) 458.5(h)  
linear 
scaling 

666.2(i)  
linear 
scaling 

Non-process 
electricity required  
(MW(e)) 

0 0 0 0  428(i)  
linear 
scaling 

Annual O&M 
expenses 
(M$/a) 

16.9  33.81  52.52 79.04(h)  
linear 
scaling 

44.52(i)  
linear 
scaling 

Annual O&M 
expenses 
(% of CC) 

4(k) 4(k) 
 

4(k) 17.24 
 

6.68 
 

Energy consumption 
cost (M$/a) 

0 0 0 0(c) 270 

Demineralized water 
consumption (m3/a)(g) 

1.135×106 2.271×106 3.528×106 1.135×106 1.135×106 

Decommissioning for 
HPP  
(% of CC) 

10 10 10 10 10 

CC = capital cost;  CE = conventional electrolysis;  HTSE = high temperature steam electrolysis;  S–I = 
sulfur–iodine cycle 

(a)  Based on H2 production rate multiplied with capacity factor (see previous table) 
(b)  33% net thermal-electric [24] × 79% net electric to hydrogen [28] 
(c)  Original value of 428 was ill defined!  
(d)  Assuming 800 $/kW (US $ 2010) based on [28] and [25] adjusted to US $ 2010. Valid for electrolysis 
plants of sufficiently large capacity 
(e)  Calculated from rated power and production rate in [23]. This is not the net efficiency, as additional 
electricity is required for operating the H2 plant. 
(f)  All monetary values obtained from the literature are first converted to US $ 2010 before being entered into 
HEEP. Conversion is carried out using the gross domestic product price deflator, provided by the US department 
of Commerce [29]  
(g)  Assuming specific consumption of 9 l of distilled water per kg of hydrogen 
(h)  Ref. [22] 
(i)  Ref. [23] 
(k)  Ref. [30] 



 

160 

 

The calculation of the generic cases was done on the basis of an own (German) set of economic 
parameters. Differences to the default parameter set can be seen from Table 6. 

TABLE 6. ECONOMIC INPUT PARAMETERS FOR HEEP SIMULATIONS OF GENERIC CASES 

Economic parameter Germany 
(assumed here) 

HEEP default 

Real discount rate (%) 10 5 

Inflation rate (%) 1.66 1 

Equity ratio (%) 100 70 

Borrowed capital ratio (%) 0 30 

Capital market interest rate (%) 3.1 10 

Tax rate (%) 28.2 10 

Depreciation period (a) 20 20 

 

4.2. Results 

Results of the benchmark calculations of levelized hydrogen generation costs and their breakup 
into contributions from the different cost types are shown in Fig. 1 and in Table 7. 

 

FIG. 1. Levelized hydrogen generation cost breakup for the generic cases. 
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TABLE 7. LEVELIZED HYDROGEN GENERATION COST BREAKUP FOR THE GENERIC 
CASES 

 Case 1: 

APWR+CE 

4 kg/s 

Case 2: 

APWR+CE 

8 kg/s 

Case 3: 

APWR+CE 

12.43 kg/s 

Case 4: 

HTGR+HTSE 

4 kg/s 

Case 5: 

HTGR+S–I 

4 kg/s 

NP capital cost 7.17 5.25 4.34 0.85 1.28 

NP O&M cost 0.9 0.66 0.54 0.41 0.19 

NP decomm. cost 0.03 0.02 0.02 0.02 0.02 

NP fuel cost 0.27 0.26 0.21 0.39 0.72 

H2 capital cost 0.5 0.49 0.49 0.5 0.73 

H2 O&M cost 0.16 0.16 0.16 0.77 0.67 

H2 decomm. cost 0.01 0.01 0.01 0.01 0.01 

SUM 9.04 6.85 5.77 2.95 3.62 

 

The highest hydrogen generation costs have been calculated for the small APWR plus 
conventional electrolysis with 9.04 $/kg-H2. These specific costs are decreasing with increasing 
nuclear plant size as would be expected from the economy of scale principle. For all three 
APWR cases, the lion’s share in the H2 generation costs is from the capital costs of the nuclear 
plant which amounts to 79%, 77%, and 75%, respectively, of the total costs. The contribution 
from the hydrogen production plant to the overall H2 costs is with 0.66 $/kg virtually constant 
for the three different production sizes (as there is, different from the nuclear plant, no economy 
of scale assumed for the hydrogen plant) representing more or less 10% of the total costs. There 
is negligible contribution from decommissioning of both nuclear and hydrogen plant. It should 
be noted here that nuclear fuel disposal is not part of the decommissioning cost, but rather 
included in the fuel cost. 

The results for the two HTGR cases, at first sight, surprise with their very low nuclear 
contribution to the total costs, which does not appear realistic, at least if compared with the 
APWR cases and their much larger power output. It is only the HTGR fuel that is more 
expensive than the PWR fuel presumably based on more realistic input data of cost for fuel 
fabrication. Comparing the two HTGR cases, it can be seen that in case 5 the H2 generation 
costs are somewhat higher (3.62 $/kg) than in case 4 (2.95 $/kg). While the contributions from 
the H2 plant to the LHGC are not significantly different, with the S–I plant contribution slightly 
higher (1.41 $/kg) than the HTSE plant in case 4 (1.28 $/kg), the major price difference comes 
from the smaller and cheaper nuclear plant of case 4, but assuming the same hydrogen output 
for both cases 4 and 5. 

As already mentioned earlier, the non-process electricity demand was originally assumed in 
case 5 to be 428 MW(e), instead of 42.8 MW(e). The assumption of a factor 10 higher value 
would raise the O&M costs of the S–I plant from 0.67 $/kg to 2.80 $/kg due to the external 
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purchase of 3.4×106 MWh(e) per year, resulting in a total LHGC value of 5.75 $/kg. In case 4, 
no non-process electricity demand was taken into account. As a rough estimation, the process 
related energy required in high temperature steam electrolysis is ~75% electric and 25% 
thermal, if the process is operated at 800 °C. If now in case 4, the total nuclear thermal power 
of 1020 MW(th) is consumed in the HTSE process, it would need, in addition, 3060 MW(e) 
which translates into an annually required electricity of 24.1 million MWh(e) and — at a price 
of 72 $/MWh — electricity costs of 1737 M$ per year, respectively. 

5. HYDROGEN PRODUCTION COST FOR TECHNOLOGY BASED CASE STUDIES – 
FIRST CALCULATIONS 

 Four technology based cases for nuclear hydrogen production have been studied in detail. The 
respective concepts and corresponding input data required for HEEP were provided by four 
countries. The four nuclear hydrogen concepts are: 

Canada: EC6 plus copper–chlorine cycle 

China: HTR-PM plus sulfur–iodine cycle 

Germany: HTR-Modul plus steam–methane reforming 

Japan: GTHTR300C plus sulfur–iodine cycle 

Calculations for these four cases as presented in this chapter are based on input data sets which 
were initially provided and on own assumptions, e.g. for financial parameters. In contrast, the 
next chapter presents the results for the same four cases, but based on the latest sets of HEEP 
input data and a newly fixed set of financial parameters for Germany. 

For the sake of comparison, additional cases have been investigated. For the German example, 
the HTR-Modul was assumed to be coupled to the sulfur–iodine cycle and to high temperature 
steam electrolysis. It was then possible to compare three different hydrogen production methods 
by using the same nuclear process energy source (HTR-Modul) and also to compare three 
different nuclear process heat reactor concepts to be coupled to the same hydrogen production 
technology (sulfur–iodine cycle). Regarding economic parameters, a comparison was made 
between the German, Chinese and Japanese input data. Another focus was laid on the influence 
of the discount rate for the example HTR-Modul. Input for the Canada case became available 
only after the comparative study and is therefore treated separately in this section. 

Cost calculations were made in US $, therefore HEEP input for costs was made in US $. 
Currency conversion into Euro is made assuming 

1.23 US $ = 1 € (as of December 2014). 

5.1. Scenarios and boundary conditions 

Table 8 lists input factors for specific capital costs and specific heat/electricity consumption 
derived from the input data provided for the four different hydrogen production methods of the 
above four cases plus the also considered high temperature steam electrolysis. 

In comparison to steam reforming, the sulfur–iodine cycle requires a by a factor of ~9 larger 
amount of process heat, while the electricity demand in the high temperature electrolysis is 
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higher by a factor of ~7. These data are highly sensitive to the hydrogen production costs and 
should be as exact as possible. 

TABLE 8. INPUT FACTORS FOR SPECIFIC CAPITAL COSTS AND ENERGY CONSUMPTION 
IN HYDROGEN PLANT 

 Copper–Chlorine  
cyle 

Sulfur cycle Steam–
methane 
reforming 

HT  
steam 
electrol. 

(3step) (5step) S–I HyS 

Specific capital cost 
($/tpa(a)) 

2140 2079 4651 1591 3449 3630 

Specific heat 
consumption 
(kWh/kg) 

38.54 37.57 82.51 45.00 8.73 6.15 

Specific electricity 
consumption 
(kWh/kg) 

16.11 16.09 3.67 12.79 4.41 30.93 

(a)  tpa = capacity tonne per year 

 

With regard to the economic input parameters for HEEP, respective data for Germany have 
been selected as given in Table 9. 

TABLE 9. ECONOMIC INPUT PARAMETERS FOR HEEP SIMULATIONS 

Economic parameter Germany 

Real discount rate (%) 10 

Inflation rate (%) 1.66 

Equity ratio (%) 100 

Borrowed capital ratio (%) 0 

Capital market interest rate (%) 3.1 

Tax rate (%) 28.2 

Depreciation period (a) 20 

Construction period (a) 3 

Operation period (a) 40 

 

The real discount rate has been fixed at 10% according to the GIF recommendations for a “risky, 
competitive market” [31]. This assumption is justified if compared with corresponding data of 
big German companies as published in their annual reports [32]. Although the real discount rate 
is inflation adjusted, for the sake of completeness, the inflation rate is also given. According to 
[33], the inflation rate in Germany averaged over the period 2004–2013 is 1.66%. Furthermore, 
equity ratio and borrowed capital ratio have been assumed as 100% and 0%, respectively, 
meaning that no interests on credits will accrue and the interest rate assumption being 
ineffective. However, for being complete, the assumed capital market interest rate is 3.1%, an 
average value for the period 2004–2013 [33]. The effective tax burden (income tax, commercial 
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tax, etc.) of companies in Germany was 28.2% as of 2012 [34]. Depreciation period for the 
investment objects is 20 years. Construction period and operation period for both nuclear and 
hydrogen production plant are assumed to be 3 years and 40 years, respectively. 

5.1.1. HTR-Modul coupled to three different hydrogen production methods 

For the comparative study of the HTR-Modul to be coupled to three different hydrogen 
production methods, input parameters are listed in Table 10. 

The two modules plant HTR-Modul, each unit connected to a nuclear steam reformer was 
estimated to have total investment costs of 1.66 billion $ [35]. Subdividing the sum into a 
fraction of 71.9% related to the nuclear facility and the remainder related to the steam reforming 
system, the investment costs for the single units are 599 M$ for the nuclear plant and 234 M$ 
for the hydrogen plant. 

 

TABLE 10. INPUT PARAMETERS FOR THE HTR-MODUL COUPLED TO THREE DIFFERENT 
HYDROGEN PRODUCTION METHODS 

Nuclear plant HTR-Modul coupled to 
 SMR S–I HTSE 
Number of units 2 2 2 
Thermal power (MW(th)/unit) 170 170 170 
Capacity factor (%) 90 90 90 
Availability factor (%) 100 100 100 
Process heat for H2 plant 
(MW(th)/unit) 

75.11 153.00 12.51 

Electrical power (MW(e)/unit) 37.96 6.80 62.99 
Initial fuel loading (kg/unit) 2396 2396 2396 
Annual fuel reloading (kg/unit) 767 767 767 
Fuel cost ($/kg) 5000 5000 5000 
Capital cost (M $/unit) 599 599 599 
Fraction of capital cost for power 
production (%) 

10 10 10 

O&M cost (% of CC) 4 4 4 
Decommissioning cost (% of CC) 10 10 10 
Hydrogen production plant SMR S–I HTSE 
Number of units 2 2 2 
Production rate (M kg/(unit∙a)) 67.9 14.6  16.1 
Capacity factor (%) 90 90 90 
Availability factor (%) 100 100 100 
Heat consumption (MW(th)/unit) 75.11 153.00 12.51 
Power consumption (MW(e)/unit) 37.96 6.80 62.99 
Capital cost (M $/unit) 234 68 58.4 
Energy consumption cost ($) 0 0 0 
O&M cost (% of CC) 41.4 7.8 7.8 
Decommissioning cost (% of CC) 10 10 10 
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Capacity and availability factors of both nuclear and hydrogen plant are fixed at 90% and 100%, 
respectively. Nuclear fuel needed is 2396 kg as initial loading as well as 767 kg as annual 
reloadings. Specific fuel costs are assumed to be 5000 $/kg. 

With regard to the capital costs, starting point is the basic assumption of 1.3 billion € for the 
two-module plant including the steam reforming plants. Subdivision into a 71.9% share for the 
nuclear plant and a 28.1% share for the hydrogen plant plus conversion to US $ yields capital 
costs of 599 US $ per nuclear unit and 234 US $ per hydrogen unit. An estimated 10% of the 
nuclear capital costs are spent for the electricity generating infrastructure. Operation and 
maintenance of the nuclear plant are assumed to cost annually 4% of the capital cost. After the 
final shutdown, 10% of the capital costs are assumed to be spent on decommissioning. 

Specific to SMR are variable costs related to the methane feed and to CO2 certificates. These 
costs will be attributed to the O&M costs of the hydrogen plant. Assuming that the natural gas 
is all methane and the fact that two kg of methane are needed to obtain 1 kg of hydrogen, further 
assuming a natural price of 0.0354 €/kWh (valid for industrial consumers with an annual 
consumption of 105–106 GJ including excise tax, excluding value added tax [36] leads to a 
constant natural gas price of 0.56 $/kg. Price variations over time cannot be considered in 
HEEP. An annual hydrogen production of 67.9 million kg thus requires natural gas for total 
cost of 76.1 M$ corresponding to 32.5% of the capital cost. The production of 1 kg of H2 is also 
connected with the generation of 2.737 kg of carbon dioxide. The actual CO2 certificate price 
in Germany is 7.01 $/t-CO2 (as of Dec. 26, 2014 [32]) resulting in total cost of 2.6 M$ or 1.1% 
of the capital costs of the hydrogen plant. Thus, together with the basis O&M costs of 7.8% of 
the capital costs, the overall O&M costs for the steam reforming plant amount to 41.4% of the 
capital costs. 

For the (fictive) system of an HTR-Modul coupled to a hydrogen production process, the 
production rate can be derived from the specific energy consumption (see Table E-8) and 
efficiencies. Considering the S–I cycle, hydrogen is produced at a rate of 14.6 million kg in the 
two module plant. Of the 170 MW thermal power output of one reactor unit, 153 MW(th) are 
taken as heat input to the hydrogen plant, while the remainder thermal power is converted at an 
efficiency of 40% to 6.8 MW of electrical power which is internally consumed. Considering 
the HTSE process, hydrogen is produced at a rate of 16.1 million kg in the two module plant. 
Only a small share of 12.5 MW(th) from the total 170 MW thermal power output of one reactor 
unit is used as heat in the hydrogen plant, while the lion’s share is converted at an efficiency of 
40% to 63 MW of electrical power needed in the electrolysis step. O&M costs as well as 
decommissioning costs for both water splitting plants are much lower compared to those for 
the nuclear (HTR-Modul) plant. 

5.1.2. Sulfur–iodine cycle coupled to three different nuclear process heat plants 

For the comparative study of the sulfur–iodine cycle to be connected to three different concepts 
for a nuclear process heat plant, input parameters are listed in Table 11 (basically as received 
from the respective country representatives). For the German fictive case of the HTR-Modul 
connected to the S–I cycle, the Chinese thermal to electrical power ratio for the hydrogen plant 
has been assumed. 
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TABLE 11. INPUT PARAMETERS FOR THREE DIFFERENT NUCLEAR PROCESS HEAT 
PLANTS COUPLED TO THE SULFUR–IODINE CYCLE FOR HYDROGEN PRODUCTION 

 China Germany Japan 

Nuclear plant HTR-PM HTR-Modul GTHTR300C 

Number of units 2 2 1 

Thermal power (MW(th)/unit) 250 170 600 

Capacity factor (%) 90 90 90 

Availability factor (%) 100 100 100 

Process heat for H2 plant (MW(th)/unit) 230 153 170 

Electrical power (MW(e)/unit) 0 6.80 202 

Initial fuel loading (kg/unit) 5900 2396 7090 

Annual fuel reloading (kg/unit) 1500 767 1773 

Capital cost (M $/unit) 500 599 547 

Fraction of capital cost for power 
production (%) 

0 10 66 

Fuel cost ($/kg) 4800 5000 5800 

O&M cost (% of CC) 3.81 4 3.81 

Decommissioning cost  
(% of CC) 

8 10 10 

Hydrogen production plant S–I S–I S–I 

Number of units 1 2 1 

Production rate (M kg/(unit∙a)) 43.0 14.6  18.3 

Capacity factor (%) 90 90 90 

Availability factor (%) 100 100 100 

Heat consumption (MW(th)/unit) 450 153 170 

Power consumption (MW(e)/unit) 20 6.80 23 

Capital cost (M $/unit) 200 68 186 

Energy consumption cost ($) 10.5 0 0 

O&M cost (% of CC) 5.46 7.78 5.46 

Decommissioning cost (% of CC) 10 10 10 

 

The three nuclear reactor concepts considered here are differing in their thermal and electrical 
power output. Largest unit is the Japanese 600 MW(th) GTHTR300C, of which only 
170 MW(th) are delivered to the H2 plant, whereas the other two concepts provide all 
(HTR-PM) or most (HTR-Modul) of their thermal power to the H2 plant. There is no power 
production in the Chinese HTR-PM, but rather a purchase of needed electricity from the grid, 
however, at low market prices. Regarding the capital costs, the HTR-Modul — despite its lower 
thermal power output — is more expensive than the other two concepts. While in the case of 
the HTR-Modul, each of the two units has its own steam reforming unit, Input data for the 
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nuclear concepts were taken as provided by the respective countries. For the HTR-Modul, the 
Chinese input data for the S–I plant are chosen. Furthermore, two H2 production units are 
assumed similar to the steam reforming option, while the Japanese one module concept and the 
Chinese two module concept are considered to be connected to just a single hydrogen 
production unit. 

5.1.3. Variation of economic parameters 

Table 12 contains the known economic parameters for the German, the Japanese and the 
Chinese concept to examine their influence on the hydrogen production cost. 

 

TABLE 12. ECONOMIC INPUT PARAMETERS FOR HEEP SIMULATIONS 

Economic parameter China Germany Japan 

Real discount rate (%) 5 10 5 

Inflation rate (%) 1 1.66 0 

Equity ratio (%) 70 100 0 

Borrowed capital ratio (%) 30 0 100 

Capital market interest rate (%) 10 3.1 5 

Tax rate (%) 10 28.2 0 

Depreciation period (a) 20 20 20 

Construction period (a) 3 3 3 

Operation period (a) 40 40 40 

Cooling period before decomm (a) 2 2 2 

Decommissioning period (a) 10 10 10 

Refurbishment period (a) 1 1 1 

Spent fuel cooling period (a) 2 2 2 

Waste cooling period (a) 10 10 10 

 

It can be seen from the data that Japan and China are calculating with lower discount rates and 
lower tax rates. Also, different from Germany, financing in China and Japan is partially or 
totally based on outside capital, for which the interest rate on borrowed capital is a decisive 
parameter. To demonstrate the sensitivity of the discount rate, the German concept HTR-Modul 
with SMR will be calculated with different input between 1% and 15%. 
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The construction period in the Japan case was assumed here to be 3 years in agreement with the 
other two cases. The respective value provided by Japan was actually 4 years, the longer 
construction period resulting in somewhat higher costs due to the delayed rolling in of the 
profits. 

5.1.4. Boundary conditions for the Canadian cases 

Tables 13 and 14 contain the HEEP input data for the four Canadian cases suggested. The 
nuclear system is a two-unit EC6 plant to be connected to four methods of hydrogen production, 
all of which are thermochemical (hybrid) cycles including the sulfur cycles S–I and HyS as well 
as two variants of the Cu–Cl cycle. The cases are fictive since the EC6 is actually not able to 
deliver the high temperature heat needed in any of the four cycles. 
 

TABLE 13. INPUT PARAMETERS FOR THE CANADIAN EC6/CANDU6 NUCLEAR PLANT 
COUPLED TO FOUR DIFFERENT HYDROGEN PRODUCTION METHODS 

Nuclear plant EC6/CANDU6 coupled to 
 S–I HyS Cu–Cl  

(3-step) 
Cu–Cl  
(5-step) 

Number of units 2 2 2 2 
Thermal power (MW(th)/unit) 2084 2084 2084 2084 
Capacity factor (%) 90 90 90 90 
Availability factor (%) 100 100 100 100 
Process heat for H2 plant 
(MW(th)/unit) 

2084 1161.38 960.60 948.22 

Electrical power (MW(e)/unit) 0 330 401.62 406.04 
Initial fuel loading (kg/unit) 87 552 87 552 87 552 87 552 
Annual fuel reloading (kg/unit) 126 000 126 000 126 000 126 000 
Capital cost (M $/unit) 2000 2000 2000 2000 
Fraction of capital cost for 
power production (%) 

10 10 10 10 

Fuel cost ($/kg) 137.2 137.2 137.2 137.2 
O&M cost (% of CC) 4.21 4.21 4.21 4.21 
Decommissioning cost  
(% of CC) 

14.75 14.75 14.75 14.75 

Hydrogen production plant S–I HyS Cu–Cl  
(3-step) 

Cu–Cl  
(5-step) 

Number of units 1 1 1 1 
Production rate (M kg/(unit∙a)) 468 452 393 398 
Capacity factor (%) 90 90 90 90 
Availability factor (%) 100 100 100 100 
Heat consumption 
(MW(th)/unit) 

4000 2322 1921.2 1896.44 

Power consumption 
(MW(e)/unit) 

0 660 803.24 812.08 

Capital cost (M $/unit) 1189 719 841 827 
Energy consumption cost ($)     
O&M cost (% of CC) 7.0 6.8 7.0 7.0 
Decommissioning cost (% of 
CC) 

10 10 10 10 

  



 

169 

 

TABLE 14. ECONOMIC INPUT PARAMETERS FOR CANADA HEEP SIMULATIONS 

Economic parameter Canada (all cases) 

Real discount rate (%) 2 

Inflation rate (%) 2 

Equity ratio (%) 50 

Borrowed capital ratio (%) 50 

Capital market interest rate (%) 7 

Tax rate (%) 30 

Depreciation period (a) 30 

Construction period (a) 6 

Operation period (a) 30 

Cooling period before decommissioning (a) 0 

Decommissioning period (a) 50 

Refurbishment period (a) 0 

Spent fuel cooling period (a) 7 

Waste cooling period (a) 0 

 

 

5.2. Results 

5.2.1. Variation of hydrogen production method 

HEEP results for the three cases where the HTR-Modul is connected to different hydrogen 
production technologies — steam–methane reforming, sulfur–iodine cycle and high 
temperature electrolysis — are shown in Fig. 2. 

The application of a steam reforming system results by far in the lowest hydrogen production 
costs which are 3.16 $/kg-H2. This price, however, includes a fairly large fraction for operation 
and maintenance cost of the hydrogen plant, mainly due to the natural gas feedstock price and 
the CO2 emissions. The two water splitting plants are characterized by high capital costs and 
high operation and maintenance costs on the nuclear side resulting from their higher specific 
energy consumption and consequently lower specific H2 production rates. Both methods show 
about the same generation cost for hydrogen. 

Striking is the large difference in the contribution from the nuclear plant to the specific 
hydrogen cost which is much larger for S–I and HTSE compared to SMR, although all are based 
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on the same HTR-Modul. This is due to the correspondingly large difference in the H2 
production rate which is in the cases of the water splitting processes by more than a factor of 4 
lower due to their higher energy intensity than in the case of SMR. Decommissioning cost for 
both the nuclear plant and the H2 plant have both only a negligible contribution to the overall 
hydrogen production cost. 

An interesting question remaining unanswered is what the effect on the H2 price would be if 
the comparatively small share of electrical power production of the HTR-Modul were replaced 
with purchase of external electricity and then design the HTR-Modul as a dedicated process 
heat source which would simplify the nuclear plant with no need for the electricity generating 
components. 

 

FIG. 2. Comparison of H2 costs for the HTR-Modul coupled to different H2 production methods. 

The high chance of natural gas price fluctuations as well as changing prices for the CO2 
emission certificates raise the question of their influence on the H2 generation cost. Table 15 
summarizes the results of a sensitivity study where the (reference) prices for both natural gas 
and CO2 certificates assumed above were increased/decreased by 25%. 

TABLE 15. INFLUENCE OF VARYING GAS PRICE AND CO2 CERTIFICATES ON HYDROGEN 
GENERATION COST 

Scenarios Natural gas price CO2 certificates H2 generation cost 
($/kg) 

Case a + 25% + 25% 3.32 

Case b + 25%  3.32 

Reference case   3.16 

Case c – 25%  3.01 

Case d – 25% – 25% 3.00 

HTR-Modul

0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

8.00

9.00

10.00

SMR S-I HTSE

H
y

d
ro

g
e

n
 g

e
n

e
ra

ti
o

n
 c

o
s

t 
($

/k
g

-H
2

)

H2 decommissioning cost

H2 operation & maintenance cost

H2 capital cost

NP fuel cost

NP decommissioning cost

NP operation&maintenance cost

NP capital cost

Σ 3.16

Σ 9.43

Σ 8.43



 

171 

 

It can be learned from the table that gas price fluctuations are highly sensitive to the final H2 
generation costs, a change of plus/minus ~5% on the specific cost if feedstock price is varied 
by 25%. In contrast, an additional 25% change in the CO2 certificates’ price has virtually no 
impact on the H2 generation cost. 

5.2.2. Variation of nuclear process heat plant 

Three cases are studied here where different nuclear process heat source concepts — the 
Chinese HTR-PM, the German HTR-Modul and the Japanese GTHTR300C — are connected 
to the sulfur–iodine thermochemical cycle for hydrogen production. Table 16 contains data for 
specific heat and electricity consumption as well as specific capital cost for the nuclear and H2 
plant. HEEP calculation results are shown in Fig. 3. For the German HTR-Modul, data 
concerning the S–I process of INET were adopted. 

TABLE 16. SPECIFIC ENERGY CONSUMPTION AND CAPITAL COST FOR THE PROPOSED 
NUCLEAR HYDROGEN PRODUCTION SYSTEMS 

Nuclear concept 
coupled to S–I 
cycle 

Specific heat 
consumption 
(kW(th)∙h/kg-H2) 

Specific 
electricity 
consumption 
(kW(e)∙h/kg-H2) 

Specific capital 
cost of nuclear 
plant 
($/kW(th)) 

Specific capital 
cost of hydrogen 
plant 
($/tpa(a)) 

HTR-PM 82.51 3.67 2000.00 4650 

HTR-Modul 82.51 3.67 3523.50 4650 

GTHTR300C 73.24 9.93 911.70 10 160 

(a)  tpa = capacity tonne per year 

 

FIG. 3. Comparison of H2 costs for different nuclear reactor concepts coupled to the sulfur–iodine cycle 
for H2 production based on each country’s set of economic parameters. 
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It should be noted first that the comparison as made above is not really legitimate due to the 
different economic parameters characteristic for the three countries. For the GTHTR300C case, 
lowest H2 generation costs of 2.96 $/kg can be found compared to the other two nuclear reactors 
with 4.98 $/kg and 9.43 $/kg, respectively. This is mainly due to the surprisingly small portion 
from the capital cost of the nuclear plant, whereas the largest contribution is from the capital 
cost of the hydrogen plant. In the other two cases, capital cost of the nuclear plants are 
contributing most — as would be expected — by 60% and 70%, respectively, to the overall H2 
cost. One reason for the small influence of the investment cost of the HTGR in the Japanese 
case are the relatively low investment costs of 911.70 $/kW(th) compared the the HTR-Modul 
or the HTR-PM. Another important issue is the high capital cost fraction for electricity 
generation infrastructure of 66% in the Japanese case. Generally, the estimation of the levalized 
hydrogen generation costs only considers those costs, which directly arise for hydrogen 
production. The GTHTR300C generates 202 MW(e) electricity, whereas only 23 MW(e) are 
needed for the S–I process. That is why just this fraction (11.39%) is considered in the hydrogen 
cost estimation. Consequently, 58.49% ((100%–11.39%)×66%) of capital cost are neglected, 
as they do not occur for hydrogen production. Also operation and maintenance costs are higher 
in the Chinese and German plants in comparison to the Japanese case. 

5.2.3. Variation of economic parameters 

Based on the economic parameters as chosen by the countries China, Germany, Japan (see 
Table 12), the Chinese and Japanese case were taken and compared with the same calculation 
based on the German set of economic input aparameters. 

A. Comparison China – Germany 

Figure 4 shows, for the example of the HTR-PM coupled to the sulfur–iodine cycle, the 
influence of the difference in the economic parameters assumption between Germany and China 
on the H2 generation cost. 

 

FIG. 4. Comparison of H2 costs calculated with economic parameters from China and Germany. 
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Similar to the previous example, the German set of economic parameters leads to higher H2 
generation cost (4.98 $/kg) compared to the Chinese economic parameters (3.78 $/kg). This is 
also mainly due to the different discount rates in the two countries. 

The difference becomes obvious when looking the annuity α and the annuity factor ANF, 
respectively: 

   
  11

1
,





t

t

i

ti
niANF  

 tiANFC ,  

where C is the capital cost; t is the depreciation period; and i is the interest rate. 

The annuity describes the subdivision of a payment (C) into constant payments (α) over the 
depreciation period (t) at an interest rate i [19]. Different discount rates will result in different 
annuity factors used for the subdivision over the depreciation period. Essential for the 
determination of the real discount rate are the shares of equity and borrowed capital which 
decide whether to apply the discount rate or the interest rate of the capital market. A high 
discount rate increases the annual capital payments, decreases the decommissioning costs and 
has no influence on the operation and maintenance costs. As an explanation may serve the rule 
for the time value of money saying “An early Euro is more expensive than a later one” [19]. 

B. Comparison Japan – Germany 

Figure 5 shows, for the example of the GTHTR300C coupled to the sulfur–iodine cycle, the 
influence of the difference in the economic parameters assumption between Germany and Japan 
on the H2 generation cost. 

 

FIG. 5. Comparison of H2 costs calculated with economic parameters from Japan and Germany. 
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A major difference is choice in Japan for borrowed capital, while it is equity in the German 
case. Still, hydrogen generation costs with the Japan set of economic parameters are with 
2.46 $/kg clearly lower than with the Germany set where costs amount to 2.96 $/kg. The 
essential parameter responsible is the real discount rate which is 10% in Germany, while Japan 
and China agreed to a reduced discount rate of 5% valid for a “regulated energy supply market 
with secure income” [31]. 

To demonstrate the significant influence of the discount rate, Fig. 6 shows for the example of 
the HTR-Modul plus steam reforming the H2 generation costs which increase with increasing 
discount rate. The difference between the discount rates 10% (Germany) and 5% (Japan, China) 
is 0.89 $/kg-H2 in the generation costs. 

 

 

FIG. 6. Influence of the discount rate on the hydrogen generation costs. 

 

5.2.4. The Canadian cases 

The HEEP results of hydrogen production costs (no storage, transportation considered) for the 
four Canadian cases — EC6 plus the four different thermochemical cycles — are displayed in 
Fig. 7 and summarized in Table 17. 
 

HTR-Modul with SMR

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Discount rate (%)

H
y

d
ro

g
e

n
 g

e
n

e
ra

ti
o

n
 c

o
s

t 
($

/k
g

-H
2

)

Δ = 0.89 $/kg



 

175 

 

 

FIG. 7. Levelized hydrogen generation cost break-up for the Canadian cases. 

TABLE 17. HEEP RESULTS ON LHGC FOR THE FOUR CANADIAN CASES 

Contribution to total price from Case 1 
(S–I) 

Case 2 
(HyS) 

Case 3 
(Cu–Cl,  
3-step) 

Case 3 
(Cu–Cl,  
5-step) 

H2 production      
NP Capital cost (equity) ($/kg) 0.12 0.17 0.20 0.19 
NP Capital cost (debt) ($/kg) 0.30 0.37 0.43 0.42 
NP O&M + refurbishment ($/kg) 0.35 0.37 0.43 0.42 
NP Decommissioning ($/kg) 2.24 2.42 2.78 2.75 
NP Fuel ($/kg) 0.07 0.08 0.09 0.09 
Total (nuclear plant) ($/kg) 3.08 3.41 3.92 3.87 
H2 Capital cost (equity) ($/kg) 0.05 0.03 0.04 0.04 
H2 Capital cost (debt) ($/kg) 0.11 0.07 0.09 0.09 
H2 O&M + refurbishment ($/kg) 0.20 0.12 0.17 0.16 
H2 Decommissioning ($/kg) 0.47 0.29 0.40 0.38 
Total (production) ($/kg) 3.91 3.92 4.62 4.55 
H2 storage      
Capital cost (equity) ($/kg) 0. 0. 0. 0. 
Capital cost (debt) ($/kg) 0. 0. 0. 0. 
O&M + refurbishment ($/kg) 0. 0. 0. 0. 
Total (storage) ($/kg) 0. 0. 0. 0. 
H2 transportation      
Capital cost (equity) ($/kg) 0. 0. 0. 0. 
Capital cost (debt) ($/kg) 0. 0. 0. 0. 
O&M + refurbishment ($/kg) 0. 0. 0. 0. 
Total (transportation) ($/kg) 0. 0. 0. 0. 
Total (all) ($/kg) 3.91 3.92 4.62 4.55 
Canada results: ($/kg) 3.91 3.85 4.53 4.46 

Note: Rounding differences may occur 
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Levelized hydrogen generation costs are in the range between 3.91 and 4.62 $/kg, with the 
sulfur cycles at the lower end and the Cu–Cl cycles, which have the smaller hydrogen output, 
at the upper end. A major difference in comparison to the previously described cases are the 
low capital costs, despite the assumption that half of the capital needed is borrowed capital. The 
other striking difference is that total production costs are strongly dominated by the contribution 
from decommissioning, both nuclear plant and hydrogen plant, which cover a share of ~70% in 
all four cases. Reason for this is the surprisingly long decommissioning period of 50 years 
(compared to 10 years for the other countries); with the annual decommissioning costs of 
14.75%, the Canadian assumption is decommissioning costs to be higher by a factor of 7.4 than 
the initial investment costs. 

6. HYDROGEN PRODUCTION COST FOR TECHNOLOGY BASED CASE STUDIES – 
FINAL CALCULATIONS 

The same four technology based cases for nuclear hydrogen production have been re-calculated 
with HEEP (version 2012), now based on the latest input data sets provided. Changes refer to 
the cases from China and Germany. For the four sub-cases from Canada, it was decided to 
concentrate on the 5-step copper–chlorine cycle case. 

6.1. Scenarios and boundary conditions 

The main operating and cost parameters of the nuclear power plants for the four technology-
based cases are listed in Table 18. The electricity rating provided in the table is adjusted based 
on the thermal power required for hydrogen production and the thermal efficiency of the 
reactor. 

Explanations for the input of the Germany case: 

In the process heat HTR-Modul, the helium coolant is heated up to an average maximum 
temperature of 950 °C and then passed through the steam reformer component where the high 
temperature heat is utilized to exchange heat with the process gas (methane plus steam). While 
the process gas mixture is heated up to reaction temperature, the primary helium is cooled to 
~680 °C. This heat exchange thus consumes about 65 MW(th). The helium is then routed to the 
steam generator where part of the steam is diverted to the steam reformer as feedstock for the 
reforming process, while the remainder is used for generating 21.3 MW(e) of electricity. 
Assuming an electric efficiency of 40%, a total of 117 MW(th) is consumed in the SMR 
hydrogen production system. In the 2-module plant, each nuclear unit has its own integrated 
steam reformer for hydrogen generation. 

Capacity and availability factors of both nuclear and hydrogen plant are fixed at 90% and 100%, 
respectively. Nuclear fuel needed is 2396 kg as initial loading as well as 767 kg as annual 
reloadings. Specific fuel costs are assumed to be 11 000 $/kg. This value was derived from a 
specific fuel price of 6.37 $/MWh [37] considering an annual heat production in the HTR-
Modul of 170 MW × 8760 h/a × 0.9 = 1 340 280 MWh/a and an annual fuel demand of 767 
kg/a. 

Based on the assumption of 1.3 billion € for the two-module plant including two steam 
reforming plants, the per-unit price is 802 M US $ based on an exchange rate between € and 
US $ (1.23 US $ = 1 €). A partition of the total capital costs between nuclear heat production 
system and hydrogen production system was made as 75:25. This yields capital costs of 599 
US $ per nuclear unit and 203 US $ per hydrogen unit. An estimated 10% of the nuclear capital 
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costs are spent for the electricity generating infrastructure. Operation and maintenance of the 
nuclear plant are assumed to cost annually 4% of the capital cost. After the final shutdown, 10% 
of the capital costs are assumed to be spent on decommissioning. 

TABLE 18. HEEP PARAMETERS FOR THE NUCLEAR PROCESS HEAT PLANTS 

 Canada China Germany Japan 

Nuclear plant EC6 HTR-PM  HTR-Modul GTHTR300C 

to be connected with Cu–Cl S–I SMR S–I 

Number of units 4 2 2 1 

Thermal power (MW(th)/unit) 2084  250 170 600 

Capacity factor (%) 90 90 90 90 

Availability factor (%) 100 100 100 100 

Thermal power for H2 plant 
(MW(th)/unit) 

159.58  
(heat pump) 

250 117 170 

Electrical power (MW(e)/unit) 629.88 0 21.3 204 

Initial fuel loading (kg/unit) 87 552 2940 2396 7090 

Annual fuel reloading (kg/unit) 126 000 1014 767 1773 

Capital cost (M $/unit) 2243.77 250 599 547 

Capital cost for electricity 
producing infrastruct. (% of CC) 

12.2 0 10 21 

Fuel cost ($/kg) 137.2 4800 11 000 12 962 

O&M cost (% of CC) 4.21 3.81 4.0 3.98 

Decommissioning cost (% of CC) 14.75 4 10 0.52 

Construction period (a)  6 3 3 4 

Operation period (a) 30 40 40 40 

Cooling before decommissioning 
(a) 

0 2 2 2 

Decommissioning (a) 50 10 10 10 

Refurbishment (a) 0 ? 1 1 

Spent fuel cooling (a) 7 2 2 2 

Waste cooling (a) 0 10 10 10 
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The main operating and cost parameters of the the integrated hydrogen generation plants for 
the four cases are listed in Table 19. 

TABLE 19. HEEP PARAMETERS FOR THE HYDROGEN PRODUCTION PLANTS 

 Canada China Germany Japan 

Hydrogen production plant Cu–Cl 
(5-step) 

S–I SMR S–I 

Number of units 1 2 2 1 

Capacity factor (%) 90 90 90 90 

Availability factor (%) 100 100 100 100 

Production rate  
(kg-H2/(unit∙s))  

4.25 0.68 1.74  0.77 

Thermal power consumption 
(MW(th)/unit) 

638.36 250 117 170 

Electrical power consumption 
(MW(e)/unit) 

273.25 20 21.3 25.4 

Capital cost (M $/unit) 400.23 100 203 143 

Energy consumption cost (M $) 0 10.5 0 0 

O&M cost (% of CC) 7.0 5.46 5.0 + 22 (CH4) 4.26 

Decommissioning cost (% of CC) 10 5 10 0 

 

Costs for the methane feed will be again attributed to the O&M costs of the steam reforming 
plant. A hydrogen production rate of 1.74 kg/s per steam reforming unit translates into a net 
annual production of 4.94×107 kg of hydrogen. Double this mass, 9.88×107 kg, is needed as 
methane feedstock each year of operation. With a net heat of combustion of methane to be 50.0 
MJ/kg, the above methane mass corresponds to an energy demand of 4.94×109 MJ per year or 
1.37×106 MWh/a. Assuming a natural gas/methane price of 26.50 €/MWh or 32.60 US $/MWh, 
the total annual methane feedstock costs amount to 44.7 M US $ or about 22% of the capital 
costs of the hydrogen plant. Together with 5% of the capital costs for other (overhead) O&M, 
the overall O&M costs are 27% of the capital costs. The cost of CO2 certificates has been 
neglected here. 

With regard to the economic input parameters for HEEP, respective data for Germany have 
been selected as given in Table 20 (slight changes compared to previous Table 11 for the first 
calculations) to calculate the four technology-based cases. Changes compared to the previous 
assumptions for the first calculations are the equity/debt ratio and the capital market interest 
rate. 

6.2. Results 

HEEP results for the four technology-based cases are shown in Fig. 8, the corresponding single 
contributions are listed in Table 21. The obtained LHGC values based on the German economic 
parameter set are found to be in a narrow range between 2.45 and 2.88 US $/kg-H2. The lowest 
price is given with the Japan case characterized by a comparatively small contribution from 
NPP capital cost. In all cases, NPP capital costs cover more than half of the LHGC and are 
largest in the Canada case where, however, no credit is taken from the large excess electricity 
generated. On the other hand, Cu–Cl H2 plant costs are smallest compared to the other cases. 
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In contrast, the Japan case reveals lowest NPP cost and highest H2 plant cost contributions to 
its LHGC value. The most expensive hydrogen production is found in the German case with a 
significant share coming from the H2 O&M costs which incorporate the natural gas feedstock 
purchase. Comparing the cases of China and Japan, both employing HTGR and the S–I process, 
it can be seen that in the China case, there is a larger contribution from the NPP, but a smaller 
one from the H2 plant. Decommissioning costs for the H2 plant are negligible in all four cases; 
those for the NPP are negligible as well except for the Canada case where they represent at least 
a 7% share of the overall costs. 

 

TABLE 20. ECONOMIC INPUT PARAMETERS FOR HEEP SIMULATIONS 

Economic parameter Germany 

Real discount rate (%) 10 

Inflation rate (%) 1.66 

Equity ratio (%) 50 

Borrowed capital ratio (%) 50 

Capital market interest rate (%) 5.5 

Tax rate (%) 28.2 

Depreciation period (a) 20 

Construction period (a) 3 

Operation period (a) 40 

 

 

 

FIG. 8. Levelized hydrogen generation cost break-up for the technology-based cases with financial 
parameters from Germany. 
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Comparison with first calculations: 

A striking qualitative difference can be recognized in the Canada case — EC6 + 5-step Cu–Cl 
— between first (Fig. 7) and final (Fig. 8) calculation (Table 22). The difference in the input 
was basically the choice of the Canadian set of economic parameters in the first calculation, 
while it was the German set in the final calculation. The essential parameter leading to this 
tremendous significance of nuclear (but also hydrogen) decommissiong costs virtually 
disappearing in the final calculation is the real discount rate, which is 2% in the first and 10% 
in the final calculation. 

 

TABLE 21. HEEP RESULTS ON LHGC FOR THE FOUR TECHNOLOGY-BASED CASES WITH 
FINANCIAL PARAMETERS OF GERMANY 

Case 

 

Contribution to total price from 

Canada 

EC6  
+ Cu–Cl (5st) 

China 

HTR-PM  
+ S–I 

Germany 

HTR-Modul 
+ SMR 

Japan 

GTHTR300C 
+ S–I 

H2 production      

NP Capital cost (equity) ($/kg) 0.85 0.81 0.76 0.44 

NP Capital cost (debt) ($/kg) 0.46 0.36 0.34 0.23 

NP O&M + refurbishment ($/kg) 0.47 0.49 0.49 0.34 

NP Decommissioning ($/kg) 0.20 0.01 0.03 0.00 

NP Fuel ($/kg) 0.10 0.31 0.21 0.51 

Total (nuclear plant) ($/kg) 2.08 1.98 1.83 1.52 

H2 Capital cost (equity) ($/kg) 0.23 0.32 0.26 0.43 

H2 Capital cost (debt) ($/kg) 0.12 0.14 0.11 0.19 

H2 O&M + refurbishment ($/kg) 0.23 0.43 0.62 0.31 

H2 Decommissioning ($/kg) 0.03 0.01 0.01 0.00 

Total (hydrogen plant) ($/kg) 0.61 0.90 1.00 0.93 

Total (production) ($/kg) 2.69 2.88 2.83 2.45 

Note: Rounding differences may occur 
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TABLE 22. CANADA CASE (EC6 + 5-STEP Cu–Cl) COMPARISON FIRST TO FINAL 
CALCULATION 

 NPP (EC6) H2 (5-step Cu–Cl)  

Cap O&M Decom Fuel Cap O&M Decom Total 

First c. 0.61 0.42 2.75 0.09 0.13 0.16 0.38 4.55 

Final c. 1.31 0.47 0.20 0.10 0.35 0.23 0.03 2.69 

 

With regard to the China case, the first calculation (Fig. 3) was conducted with the China set of 
economic parameters, the final one with the German set. But there are also differences in the 
nuclear plant and hydrogen plant input data, like twice the capital and O&M costs in the first 
calculation, expecting respectively larger contributions to the LHGC. Total hydrogen 
generation costs are almost double in the first calculation (4.98 $/kg) compared to the new 
calculation (2.88 $/kg) as can be seen from Table 23. 

TABLE 23. CHINA CASE (HTR-PM + S–I) COMPARISON FIRST TO FINAL CALCULATION 

 NPP (HTR-PM) H2 (S–I)  

Cap O&M Decom Fuel Cap O&M Decom Total 

First c. 2.62 0.80 0.04 0.40 0.58 0.53 0.01 4.98 

Final c. 1.17 0.49 0.01 0.31 0.46 0.43 0.01 2.88 

 

The HEEP parameter set for the Germany case for the first calculation had to be revised due to 
some flaws in the input data regarding heat and electricity consumption. Another difference 
refers to the economical parameter equity/debts ratio which was 100 in the first, and is 50:50 in 
the final calculation. The various changes in the results (see Figs. 2 and 8, Table 24) make an 
interpretation of the differences complicated, particularly as capital costs for both plants go 
down, whereas all other costs go up in the final results, with the exception of the H2 plant O&M 
(due to reduced O&M cost share of capital cost). Overall LHGC is 2.83 $/kg in the final 
calculation, compared to 3.16 $/kg in the first one. 

 

TABLE 24. GERMANY CASE (HTR-MODUL + SMR) COMPARISON FIRST TO FINAL 
CALCULATION 

 NPP (HTR-Modul) H2 (SMR)  

Cap O&M Decom Fuel Cap O&M Decom Total 

First c. 1.39 0.35 0.01 0.07 0.54 0.80 0.00 3.16 

Final c. 1.10 0.49 0.03 0.21 0.37 0.62 0.01 2.83 

 



 

182 

 

Differences between first and final calculation of the Japan case are not large — 2.96 $/kg vs. 
2.45 $/kg (see Figs. 3 and 8, Table 25) — and restricted to the capital costs of both plants. This 
is obviously mainly due to the (erroneous) assumption of an equity/debts ratio of zero in the 
first calculation, i.e. all is borrowed capital. For the final calculation, the German set of 
economic parameters has been applied. 

 

TABLE 25. JAPAN CASE (GTHTR300C + S–I) COMPARISON FIRST TO FINAL CALCULATION 

 NPP (GTHTR300C) H2 (S–I)  

Cap O&M Decom Fuel Cap O&M Decom Total 

First c. 0.44 0.31 0.03 0.27 1.27 0.62 0.02 2.96 

Final c. 0.67 0.34 0.00 0.51 0.62 0.31 0.00 2.45 

 

Estimation of overall hydrogen conversion efficiencies: 

With the hydrogen production rates and the thermal and electrical energy input data given, 
figures for specific heat and electricity consumption as well as overall hydrogen conversion 
efficiencies for the four considered cases can be derived as given in Table 26. The electricical 
energy input required is translated into a thermal energy based on the electric conversion 
efficiencies for the respective electricity generation technologies applied. Results show the 
efficiencies to be in the range between about 40 and 50%. 

TABLE 26. SPECIFIC ENERGY CONSUMPTION AND H2 CONVERSION EFFICIENCIES 

 Copper–Chlorine  
cyle (5-step) 

Sulfur–Iodine 
cycle (China) 

Sulfur–Iodine 
cycle (Japan) 

Steam–methane 
reforming 

Specific heat 
consumption 
(kWh/kg) 

41.72 102.12 61.33 46.39 

Specific electricity 
consumption 
(kWh/kg) 

17.86 8.17(b) 9.16 3.40 

Electric conversion 
efficiency (%) 

32.2 - (b) 47 40 

Methane feedstock 
energy (HHV) 
(kWh) 

– – – 30.83 

Overall specific heat 
consumption 
(kWh/kg) 

97.19 102.12 80.82 80.17 

H2 conversion 
efficiency (%) 

40.5 38.6 48.8 49.2 

(a)  tpa = capacity tonne per year 
(b)  already included in heat consumption 
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7. COST ANALYSIS OF CONVENTIONAL AND NUCLEAR HYDROGEN 
PRODUCTION 

The HEEP software tool has been taken to conduct an analytical and comparative study on the 
levelized cost of hydrogen generation using different conventional and nuclear assisted 
production methods [38]. As of today, steam–methane reforming is worldwide the most widely 
applied method for hydrogen production which has been selected here as basis for the 
conventional cases. With regard to nuclear assisted hydrogen production, the water splitting 
methods of high temperature steam electrolysis and thermochemical cycles, in particular the 
sulfur–iodine cycle, are considered the hydrogen production technologies of the future. A 
further aim of the study was to identify the sensitivity of various input parameters on the price 
of hydrogen and improvement potential for refinement of the HEEP model. 

7.1. Conventional 

Three different scenarios based on SMR for hydrogen production have been considered. Case 1 
represents a reference SMR case. Case 2 takes additionally into account a carbon capture and 
storage system connected to the SMR plant. Some cost information can be retrieved from CCS 
projects that are presently in operation or short before starting operation, including also the 
demonstration of CCS for SMR plants. Cases 1 and 2, although ficticious plants, may represent 
state of the art as of 2010. Case 3 is based on case 2, but goes further into the future (~2030) by 
assuming technological improvements, but also increasing cost. 

All essential input data for the above three cases were basically taken from the US-DOE 
directed so-called Hydrogen Analysis Project (H2A) [39] and from EU sources, and are listed 
in Table 27. 

 

TABLE 27. HEEP INPUT DATA FOR CONVENTIONAL CASES 

Scenario Case 1 
(SMR as usual) 

Case 2 
(SMR + CCS) 

Case 3 
(future SMR + CCS) 

H2 production rate (kg/a) 138 476 255 138 476 255 138 476 255 

Capacity factor (%) 90 90 90 

Availability factor (%) 100 100 100 

Heat consumption (MW(th)) 230.94 230.55 230.55 

Power consumption (MW(e)) 8.99 22.22 22.22 

Capital cost (€) 152 665 088 285 375 033 250 095 828 

Energy consumption cost (€/a) 58 701 286 68 958 442 83 920 889 

Other operational cost (% of CC) 110.35 + 2 57.52 + 2 82.32 + 2 

Decommission cost (% of CC) 10 10 10 

H2 storage method Pressure gas Pressure gas Pressure gas 

H2 transportation method Pipeline Pipeline Pipeline 
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If taking into account a load factor of 90% and a 100% plant availability, the hydrogen 
production rate of 138 476 255 kg/a or ~15.8 t/h translates into a rate of 170 000 Nm3/h, thus 
belonging to the largests SMR plants of today. Assuming a specific electricity demand of 0.569 
kWh/kg-H2, total demand amounts to 78.8 MWh/a or ~9 MW(e). Thermal energy needed in the 
endothermic steam reforming reaction is provided here basically by burning natural gas and 
part of the hydrogen produced. Total thermal power demand is 231 MW(th). With the 
implementation of a CCS system (case 2) capital cost have drastically increased. Power demand 
has more than doubled to 22.22 MW(e), while thermal energy demand has only marginally 
changed. For the future scenario (case 3), efficiencies are presumed to remain unchanged 
meaning that electric and thermal power consumption remains constant. 

From the capital costs of the conventional SMR plant assumed, almost three-quarters are direct 
costs, i.e. investment and installation costs. The remainder is energy consumption cost of 
58 701 286 € per year. This incorporates the cost for electricity purchased from the grid at a 
price of 98.4 €/MWh and ~100 000 t/a of natural gas for process heat production at a price of 
36.4 €/MWh. Other O&M costs including salaries for 20 workers, the feedstock natural gas for 
the conversion to hydrogen (~400 000 t/a), CO2 emission certificates (7.39 €/t-CO2) amount to 
110.35% of the capital costs; the “+ 2” in the table refers to refurbishment costs. In case 2, 
capital costs include now the purchase and installation of the CO2 treating parts of the plant like 
pipelines, compressors, dryers. Other O&M costs are almost cut to half due to the substantially 
reduced costs for CO2 emissions (assuming a CCS efficiency of 90%). Capital costs in case 3 
are expected to decrease in future as the result of a learning curve. Operational costs, in contrast, 
will most probably rise due to rising prices for natural gas and electricity, but also CO2 
certificates. 

Regarding storage of the produced hydrogen, all three cases are treated equally. The storage as 
pressurized gas is assumed to be at 20 MPa and over a period of 7 days. Together with the given 
hydrogen production rate, HEEP calculates storage capacity, compression power and cooling 
water demand. Based on the above given data, total storage capacity is ~2650 t of hydrogen, 
electric power requirement for compression is 36.1 MW(e), and cooling water needed is 820 
m3/h (Table 28). These data lead to capital cost of 219 million € also estimated by HEEP. 
Operational costs depending on electricity consumption and cooling water demand amount to 
31.1 million €/a for cases 1 and 2, and 35.4 million €/a for the future scenario case 3. Also 
capital costs are higher in the future scenario which is due to the raised discount rate of 11%. 

Transportation of hydrogen is made via pipeline. Lengths between 1 and 20 km result in almost 
the same costs as calculated with HEEP. Electricity needs for pumping power are 27.6 MW(e). 
Initial pressure at the pipeline inlet is 4.95 MPa. While capital costs remain the same for all 
cases, operating costs are higher in case 3 due to increased electricity prices (Table 28). 

Regarding the financial details of the HEEP calculations, assumptions have been made as 
follows: The discount rate was set at 10%, a typical value for industrial plants in a risky 
environment. Uncertainties in the reliability of future cash flows are reason to assume a higher 
discount rate, 11%, for the future scenario (case 3). An average inflation rate of 2.1% (identified 
for the year 2010) was assumed to all cases. Interest rates on borrowed capital does not apply 
here, since all capital costs are equity costs. Only for the sake of completeness, its value is fixed 
at 3.85%. The tax rate — for capital corporations including income tax and corporation tax — 
a value of 23.8% was chosen representing an average for the EU. Other assumptions are a 
depreciation period of 20 years, an operation period of 40 years, and a construction period of 3 
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years. The latter implies that the starting year is 2007 for cases 1 and 2, and year 2027 for case 
3. 

The levelized costs for hydrogen generation, storage and transportation resulting from the above 
described HEEP input data are given in Table 29. 

As can be seen from the table, total hydrogen costs are principally determined by operational 
costs, which were calculated to be 80% and higher. The implementation of a CCS system raises 
the H2 production costs by 0.20 €/kg. The strong increase in the total costs for the future scenario 
is basically driven by the increase in the costs for production, whereas those for storage and 
transportation are not expected to rise substantially. Decommissioning costs are negligible in 
all cases. Transportation costs provide the smallest contribution to the total cost compared to 
production and storage. Its relative importance is further increasing in future. 

TABLE 28. HEEP DATA ON STORAGE AND TRANSPORTATION FOR CONVENTIONAL 
CASES 

Scenario  Cases 1, 2 
(SMR as usual) 
(SMR + CCS) 

Case 3 
(future SMR + CCS) 

Hydrogen quantity (kg/a) 138 476 255 

Storage as pressurized gas  

Storage pressure (MPa) 20 

Storage duration (h) 168 

Storage capacity (kg) 2 646 575 

Compression power (kW(e)) 36 066 

Cooling water (m3/h) 819.7 

Capital cost (M€) 219  

Compressor operating cost (M€/a) 31.1 35.4 

Other O&M cost (% of CC) 2 

Decommissioning cost (% of CC) 10 

Transportation via pipeline  

Length (km) 1 (– 20) 

Pipe diameter (m) 0.25 

Friction factor 0.01 

Gas temperature (K) 293 

Initial gas pressure (MPa)  4.95 

Delivery gas pressure (MPa) 4.95 

Pumping power (kW(e)) 27 619 

Capital cost (M€) 135 

Operating cost (M€) 23.8  27.1 
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TABLE 29. HEEP RESULTS ON LHGC FOR CONVENTIONAL CASES 

Contribution to total price from Case 1 
(SMR as usual) 

Case 2 
(SMR + CCS) 

Case 3 
(future SMR + CCS) 

H2 production     

Capital cost (equity) (€/kg) 0.17 0.31 0.30 

O&M + refurbishment (€/kg) 1.81 1.87 2.31 

Total (production) (€/kg) 1.98 2.18 2.61 

H2 storage     

Capital cost (equity) (€/kg) 0.24 0.24 0.27 

O&M + refurbishment (€/kg) 0.26 0.26 0.29 

Total (storage) (€/kg) 0.50 0.50 0.56 

H2 transportation     

Capital cost (equity) (€/kg) 0.04 0.04 0.04 

O&M + refurbishment (€/kg) 0.19 0.19 0.22 

Total (transportation) (€/kg) 0.24 0.24 0.26 

Total (all) (€/kg) 2.72 2.92 3.43 

Note: Rounding differences may occur 

 

7.2. Nuclear 

Three more scenarios have been considered, now based on nuclear assisted water splitting for 
hydrogen production. The nuclear concept chosen is the H2-MHR (see chapter 2.3.1) that has 
been developed by General Atomics, USA [40], applied here as a four module plant. In case 4 
representing the reference case the H2-MHR is coupled to an HTSE plant. The same nuclear 
plant couples to the S–I thermochemical cycle represents case 5. Case 6 is again a future 
scenario with case 4, H2-MHR plus HTSE, being projected into 2030. In all cases, four nuclear 
units of 600 MW(th) each are connected to one hydrogen production system. For both nuclear 
and hydrogen plants, a load factor of 90% and a 100% availability were fixed. Most input data 
were taken from General Atomics reports. The essential input data for the nuclear cases are 
listed in Table 30. 

Despite identical nuclear thermal power generation of 2400 MW(th), hydrogen production rates 
are different for the two production methods: The combined nuclear HTSE system (cases 4 and 
6) needs electricity and, to a smaller part, thermal energy. The delivery of 58 MW(th) plus 
292 MW(e) from one nuclear unit translates into ambitious 54% of conversion efficiency (for 
comparison, for the Japanese GTHTR300C-IS, the figure assumed is 45.7%). This power 
allows for a nominal production of 298 million kg-H2/a or 34 t/h. Difference between the cases 
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4 and 6 is a lower electricity consumption (-40 MW(e)) in the future scenario considered as a 
reduced demand for external electricity (taken into account in the storage section, see below), 
therefore does not change the amount of produced hydrogen compared to case 4. 

TABLE 30. HEEP INPUT DATA FOR NUCLEAR CASES 

Scenario Case 4 
(HTSE) 

Case 5 
(S–I cycle) 

Case 6 
(future HTSE) 

Thermal power (MW(th)) 4 × 600 4 × 600 4 × 600 

Electric power (MW(e)) 4 × 292 0 4 × 292 

Process heat production (MW(th)) 4 × 58 4 × 600 4 × 58 

Capital cost NPP (€) 4 × 287 306 000 4 × 291 099 091 4 × 359 133 000 

Cost for electricity generating 
infrastructure (% of CC) 

8.68 0 6.94 

Initial fuel load (kg/unit) 0 0 0 

Annual fuel reload (kg/unit) 24 046 24 046 24 046 

Fuel cost (€/a) 4 × 15 986 529 4 × 15 986 529 4 × 15 986 529 

Operational + refurbishment cost 
(% of CC) 

2.5 + 2.5 2.42 2.5 + 2.5 

Decommission cost (% of CC) 10 10 10 

H2 production rate (kg/a) 297 699 840 409 021 920 297 699 840 

Heat consumption (MW(th)) 232 2400 232 

Power consumption (MW(e)) 1168 812 1128 

Capital cost H2 plant (€) 936 437 202 868 920 349 936 437 202 

Energy consumption cost (€/a) 0 629 937 907 0 

Operational + refurbishment cost 
(% of CC) 

5.78 + 2 5.91 + 2 5.78 + 2 

Decommission cost (% of CC) 10 10 10 

H2 storage method Pressure gas Pressure gas Pressure gas 

H2 transportation method Pipeline Pipeline Pipeline 

 

In the combined nuclear S–I system, the assumption is that all thermal energy provided by the 
nuclear reactor is delivered to the S–I cycle. This power allows for a nominal production of 409 
million kg-H2/a or 46 t/h. While no electricity is needed in the process itself, there is some 
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power demand for H2 plant operation. The value assumed in the calculations is 812 MW(e). 
This figure taken from [40], however, is obviously way too high and not in agreement with 
assumptions from others who study the nuclear S–I system. The value used, for example, in 
JAEA calculations is 23 MW(e) in an H2 plant that receives 170 MW(th); extrapolation to a 
process heat delivery of 2400 MW(th) yields power demand of 325 MW(e). 

Capital cost of the nuclear plant in cases 4 and 6 refer to the basic, electricity producing plant 
GT-MHR [40]. The 8.68% of the capital cost for the electricity generating infrastructure 
correspond to the cost of the power conversion system (PCS). The cost for the heat transfer 
system (e.g. IHX) is regarded already as part of the capital cost of the hydrogen plant. The fuel 
cost of ~16 million €/a per unit have been derived from assumptions of 425 equivalent full 
power days for the fuel elements leading to an annual reload demand of 24 046 kg at a price of 
664.83 €/kg. The future scenario, case 6, designates much higher capital cost for the nuclear 
plant resulting from increased expenses (+ 25%) due to stricter safety regulations for new plants 
in the wake of the Fukushima accident as was estimated by the European Commission [41]. 
Fuel costs were estimated to remain constant. In case 5, the nuclear plant is assumed to be a 
dedicated process heat plant without any electricity production. This means that the IHX costs 
are incorporated in the capital costs of the nuclear plant rather than the hydrogen plant. 

Regarding storage of the produced hydrogen, technical requirements are the same as in the 
conventional cases where, as a function of H2 quantity, storage pressure (20 MPa), and duration 
(7 days), the storage capacity, compression power and cooling water demand is calculated by 
HEEP. Since more hydrogen is generated in case 5, a higher storage capacity and more 
compression power as well as cooling water are needed compared to the two HTSE cases. 
Consequently, capital costs are differing. Operating and decommissioning costs are the usual 
share of the capital costs. Operation costs differ between the two HTSE cases insofar as 
electricity prices are higher in the future scenario which, however, is more than compensated 
by the excess power of 40 MW(e) left over from production which is now partially available to 
storage. Net effect is a significant reduction in the future operational costs. All storage data are 
listed in Table 31. 

Transportation of hydrogen is made via pipeline. Boundary conditions are the same as for the 
conventional cases. A difference arises from the pumping power to be higher in the S–I case 5 
due to the larger amount of hydrogen produced. The per kg costs for transportation, however, 
are virtually the same as in the conventional cases. Transportation data are listed in Table 31. 
Assumptions on the financial details are identical to those for the conventional cases. The 
levelized costs for nuclear hydrogen generation, storage and transportation resulting from the 
above described HEEP input data are given in Table 32. 

Nuclear hydrogen production applying HTSE at today’s cost and state of technology results in 
production costs of 1.65 €/kg-H2. Different from the conventional cases, the dominant 
contribution is from capital costs (64%) rather than from operating costs (36%). The share of 
capital costs further increases in future (to ~70%) mainly due to a strong increase of NPP costs. 
Decommissioning cost contribution is less than 0.5% and remains negligible. 

A strikingly different picture is obtained for case 5, nuclear hydrogen through the S–I process. 
While capital costs add up to 0.75 €/kg, slightly lower compared to the nuclear HTSE system, 
it is the horrendous operating costs of 1.75 (+ 0.07) €/kg that are responsible for two-thirds of 
the specific production price. However, in the authors’ opinion, the result is not realistic 
corrupted by an ill defined external electricity demand. An additional HEEP calculation has 
shown that if the unusually high electricity demand input value (812 MW(e)) be replaced with 
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the above given more realistic value (325 MW(e)), the overall H2 generation costs will be down 
by approximately 1 €/kg, thus being in a close range to the HTSE hydrogen costs and also 
cheaper than the steam reforming hydrogen. 

TABLE 31. HEEP DATA ON STORAGE AND TRANSPORTATION FOR NUCLEAR CASES 

Scenario Case 4 
(HTSE) 

Case 5 
(S–I cycle) 

Case 6 
(future HTSE) 

Hydrogen quantity (kg/a) 297 699 840 409 021 920 297 699 840 
Storage as pressurized gas    
Storage pressure (MPa) 20 20 20 
Storage duration (h) 168 168 168 
Storage capacity (kg) 5 715 068 7 843 836 5 715 068 
Compression power (kW(e)) 77 882 106 891 77 882 
Cooling water (m3/h) 1770 2429 1770 
Capital cost (M€) 405 521 405 
Compressor operating cost (M€/a) 67.2 92.2 37.2 
Other O&M cost (% of CC) 2 2 2 
Decommissioning cost (% of CC) 10 10 10 
Transportation via pipeline    
Length (km) 1 (– 20) 1 (– 20) 1 (– 20) 
Pipe diameter (m) 0.25 0.25 0.25 
Friction factor 0.01 0.01 0.01 
Gas temperature (K) 293 293 293 
Initial gas pressure (MPa)  4.95 4.95 4.95 
Delivery gas pressure (MPa) 4.95 4.95 4.95 
Pumping power (kW(e)) ~60 000 ~82 000 ~60 000 
Capital cost (M€) 250 323 250 
Operating cost (M€) 51.4 70.6 58.5 

 

TABLE 32. HEEP RESULTS ON LHGC FOR NUCLEAR CASES 

Contribution to total price from Case 4 
(HTSE) 

Case 5 
(S–I cycle) 

Case 6 
(future HTSE) 

H2 production    
NP Capital cost (equity) (€/kg) 0.58 0.43 0.81 
NP O&M + refurbishment (€/kg) 0.10 0.07 0.12 
NP Fuel (€/kg) 0.21 0.16 0.21 
H2 Capital cost (equity) (€/kg) 0.47 0.32 0.53 
H2 O&M + refurbishment (€/kg) 0.28 1.73 0.28 
total (production) (€/kg) 1.65 2.71 1.95 
H2 storage     
Capital cost (equity) (€/kg) 0.20 0.19 0.23 
O&M + refurbishment (€/kg) 0.26 0.25 0.16 
total (storage) (€/kg) 0.46 0.45 0.38 
H2 transportation     
Capital cost (equity) (€/kg) 0.04 0.03 0.04 
O&M + refurbishment (€/kg) 0.19 0.19 0.22 
total (transportation) (€/kg) 0.23 0.23 0.26 
total (all) (€/kg) 2.34 3.38 2.59 

Note: Rounding differences may occur 

The reduced storage costs in the future scenario, as was already mentioned, take benefit of 
electricity savings in the production part (40 MW(e)) which are now used up in the storage part. 
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Calculations of overall LHGC result in specific hydrogen generation cost of 2.34 €/kg-H2 for 
the HTSE case 4 to be compared with 2.59 €/kg-H2 for the future scenario case 6. The cost for 
just the nuclear plant and its operation cover a fraction of 38% and 44%, respectively. The 
LHGC for the alternative sulfur–iodine method of case 5 is 3.38 €/kg-H2, again high because 
of the expensive H2 plant operation, which takes more than half of the final LHGC. Therefore, 
the contribution of the nuclear plant itself is relatively low (~20%) 

7.3. Comparative evaluation of hydrogen production cost 

Finding out the cost pushing input parameters by deriving so-called sensitivity factors defined 
as the ratio of cost change over variation interval, the discount rate was discovered to be highly 
sensitive for both the conventional and nuclear case. A large influence has furthermore the gas 
price on the conventional side and the capital cost on the nuclear side. Recommendations for 
improvements of the HEEP model are seen in introducing a time dependence of fuel cost, load 
factor, availability, financial parameters and also in taking account of market fluctuations due 
to economic situation or lack of demand. Further calculational studies with HEEP are planned 
by introducing the process heat variant of the SIEMENS HTR-Modul concept. 

8. SUMMARY AND CONCLUSIONS 

The study presented here describes the assessment of levelized hydrogen generation costs for a 
variety of cases comprising on the one hand different hydrogen production technologies, on the 
other hand different process heat sources including fossil, solar and nuclear plants. The 
computational tool applied was the IAEA developed software HEEP (Hydrogen Economics 
Evaluation Program). Some of the cases studied were part of benchmark exercises conducted 
within the frame of the IAEA directed CRP on "Examining the Techno-Economics of Nuclear 
Hydrogen Production and Benchmark Analysis of the IAEA HEEP Software". A major part of 
the study here represents the basic results of two bachelor theses [32, 38]. 

The calculation results show that steam–methane reforming for H2 production is still far more 
economical than the CO2 emission free water splitting processes of high temperature steam 
electrolysis and sulfur–iodine thermochemical cycle. However, the absolute calculated values 
should be critically examined, as simplifications are made in HEEP and the validity of the input 
data cannot be proven. 

The assessment of hydrogen generation costs with the conventional steam–methane reforming 
process is much more founded, as it is a well established and widely spread technology. This is 
different from the water splitting processes which are considered the H2 production 
technologies of the future and whose costs must be assessed to large scale production that is 
still far away from realization. The same applies to the nuclear process heat reactor concepts, 
whose costs are based on projections into the future. 

The comparison of conventional vs. nuclear assisted hydrogen production is still in favor of the 
conventional method. This even holds if the capture and storage of CO2 during the production 
process is taken into account. This relationship will only be reversed when gas prices are rising 
and the carbon tax becomes an efficient regulation tool. 

Concentrating solar power technology for electricity generation is ready for the market 
promising an efficient, economical and environmentally benign energy supply both in large 
scale grid connected dispatchable markets and remote or modular distributed markets with their 
expected life span of approximately 25–35 years. 
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The IAEA software tool HEEP for hydrogen generation cost assessment has presented itself as 
a valuable means for the comparison of different primary energy sources (nuclear, solar, 
conventional), of different hydrogen production technologies, and different sets of economic 
parameters which suit the single countries, for which respective studies are conducted. 

An input parameter that was found strongly influencing the production costs is the discount 
rate. Furthermore, HTSE appears to be highly sensible against capital cost variation as well as 
steam reforming against the gas price. 

Conduction of the computational study was also connected with an evaluation of the 
performance of the HEEP software with the goal to provide recommendations for further 
improvements in both contents and handling of the code. Items identified were: 

 Capital cost of the hydrogen production plant in $/unit or in $/kg hydrogen? 

 The user surface should show which case is currently in process; 

 Why does the capital cost fraction for electricity generation influence the hydrogen price? 

 Why does a high tax rate raise the specific capital cost (100% equity)? 

 Are hydrogen costs calculated during depreciation period or averaged during operation 
time? 

 Before starting a calculation, the sizes of nuclear and hydrogen plant are fixed; 

 The fraction of generated electricity and bought electricity is fix, but should be made 
variable; 

 Are the natural gas costs for steam reforming included? 

 Fuel cost, load factor, availability, financing parameters are assumed to be constant, but 
in reality, there is variation with operation time; 

 Market potential is disregarded; in reality, there are fluctuations due to economic 
situation, e.g. lack of demand; 

 In the DCF methodology, there is generally negative grading of risk; high risk investments 
do not necessarily result in lower positive cash flows. 

It should be noted, however, that part of the above mentioned problems have become obsolete 
in the meantime or will be eliminated with the next release of the HEEP software. 

9.REFERENCES  

[1] OECD INTERNATIONAL ENERGY AGENCY, World Energy Outlook 2013, 
OECD/IEA, Paris (2013). 

[2] FISCHEDICK, M., PASTOWSKI, A., “Fuel provision for early market applications” 
In: STOLTEN, D. (Ed.), Hydrogen and Fuel Cells — Fundamentals, Technologies and 
Applications, Wiley-VCH, Weinheim (2010) 149–166. 

[3] YAN, X.L., HINO, R., Nuclear Hydrogen Production Handbook, CRC Press, Taylor 
& Francis Group, Boca Raton, FL (2011). 

[4] INTERNATIONAL ATOMIC ENERGY AGENCY, Hydrogen Production Using 
Nuclear Energy, IAEA Nuclear Energy Series NP-T-4.2, IAEA, Vienna (2013). 



 

192 

 

[5] GENERATION IV INTERNATIONAL FORUM, Energy Products from Generation 
IV Systems, Generation IV Nuclear Energy Systems Roadmap, Energy Products Cross 
Cut Group, July 30 (2002). 

[6] KUNITOMI, K., Japan’s future HTR — the GTHTR300, Nuclear Engineering and 
Design 233 (2004) 309–327. 

[7] YAN, X., KUNITOMI, K., HINO, R., SHIOZAWA, S., “GTHTR300 design variants 
for production of electricity, hydrogen or both”, The Nuclear Production of Hydrogen 
(Proc. 3rd Information Exchange Meeting, Oarai, 2005), OECD/NEA, Paris (2005) 
121–139.  

[8] GENERAL ATOMICS, H2-MHR Pre-Conceptual Design Report: HTE-Based Plant, 
Report GA-A25402, General Atomics, San Diego, CA (2006). 

[9] REUTLER, H., LOHNERT, G.H., Advantages of going modular in HTRs, Nucl. Eng. 
Des. 78 (1984) 129–136. 

[10] GESELLSCHAFT FÜR HOCHTEMPERATURREAKTOR-TECHNIK MBH, 
Hochtemperaturreaktor-Modul zur Prozesswärmeerzeugung, Technical Report ITB 
78.2634.1, GHT, Bergisch-Gladbach (1981). 

[11] INTERNATIONAL ATOMIC ENERGY AGENCY, Advanced Reactors Information 
System (ARIS), IAEA, Vienna (2011). 

[12] LEE, A., BOYLE, S., Application of INPRO Comparative Assessment for Enhanced 
CANDU 6 Pertaining to Lessons Learned from the Fukushima Dai-ichi Nuclear Event, 
INPRO Discussion Forum 7, IAEA, November 19-22, 2013. 

[13] HOPWOOD, J.M., et al., Opportunities for CANDU for the Alberta oil sands, Nuclear 
Energy 2(2) (2004) 113–119. 

[14] HARTH, R., JANSING, W., TEUBNER, H., Experience gained from the EVA II and 
KVK operation, Nuclear Engineering and Design 121 (1990) 173–182. 

[15] MÜLLER-STEINHAGEN, H., Concentrating solar thermal power, Phil. Trans. Royal 
Society A 371 (2013), http://dx.doi.org/10.1098/rsta.2011.0433. 

[16] INTERNATIONAL ATOMIC ENERGY AGENCY, Pre-processing module of HEEP 
(Manual), IAEA, Vienna (2012). 

[17] KHAMIS, I., An overview of the IAEA HEEP software and international programmes 
on hydrogen production using nuclear energy, Int. J. Hydrogen Energy 36 (2011) 
4125–4129. 

[18] COENENBERG, A.G., Kostenrechnung und Kostenanalyse, 5th Ed., Schäffer-
Poeschel Verlag für Wirtschaft - Steuern - Recht GmbH & Co. KG, Stuttgart (2003). 

[19] KRUSCHWITZ, D.L., Investitionsrechnung, 13th Edition, Oldenbourg 
Wissenschaftsverlag GmbH, Munich (2011). 

[20] US-ENERGY INFORMATION ADMINISTRATION, Updated capital cost estimates 
for electricity generation plants, Washington, DC (2010). 

[21] OECD NUCLEAR ENERGY AGENCY, Reduction of Capital Costs of Nuclear 
Power Plants, OECD/IEA, Paris (2000). 

[22] HARVEGO, E.A., et al., Economic analysis of the reference design for a nuclear-
driven high-temperature-electrolysis hydrogen production plant, Report INL/EXT-08-
13799, Idaho National Laboratory, Idaho Falls, ID (2008). 

[23] YANG, K.J., LEE, K.Y., LEE, T.H., Preliminary cost estimates for massive hydrogen 
production using S–I process, High Temperature Reactor Technology (Proc. 4th Int. 
Top. Meeting HTR2008, Washington DC, 2008) Paper No. HTR2008-58142. 

[24] WESTINGHOUSE, The Westinghouse AP1000 Advanced Nuclear Plant. Plant 
description, Westinghouse Electric Co., LLC (2003). 

[25] WESTINGHOUSE, AP1000(R). Improved and more efficient operations. Accessed 
2012/10/23, 2012, http://www.ap1000.westinghousenuclear.com/ap1000_imeo.html 



 

193 

 

[26] DOMINION ENERGY INC., et al., Study of Construction Technologies and 
Schedules, O&M Staffing and Cost, Decommissioning Costs and Funding 
Requirements for Advanced Reactor Designs, Washington, DC (2004). 

[27] WESTINGHOUSE, AP1000. Simple Safe Innovative, Westinghouse Electric Co., 
LLC (2007). 

[28] NATIONAL RENEWABLE ENERGY LABORATORY, Current state-of-the-art 
hydrogen production cost estimate using water electrolysis, NREL, Golden, CO 
(2009). 

[29] BUREAU OF ECONOMIC ANALYSIS, National Income and Product Accounts 
(NIPA) Tables, Table 1.1.4. Price Indexes for Gross Domestic Product, US-
Department of Commerce, Washington, DC (2015), 
http://www.bea.gov/iTable/iTable.cfm?ReqID=9&step=1#reqid=9&step=3&isuri=1
&903=4 

[30] BASYE, L., SWAMINATHAN, S., Hydrogen Production Costs - A Survey, Report, 
Sentech Inc., Bethesda, MD (1997). 

[31] OECD NUCLEAR ENERGY AGENCY, The Economic Modelling Working Group 
of the Generation IV International Forum, „Cost Estimating Guidelines For Generation 
IV Nuclear Energy Systems,“ OECD-NEA, Paris (2007). 

[32] LAUER, F., Energiesystemanalyse zur CO2-neutralen Prozesswärmebereitstellung 
anhand des Beispiels der Wasserstoffherstellung, Bachelor Thesis, Technical 
University (RWTH) Aachen (2015). 

[33] STATISTA, Entwicklung des Kapitalmarktzinssatzes in Deutschland in den Jahren 
1975 bis 2013,: http://de.statista.com/statistik/daten/studie/201419/umfrage/ 

[34] BÄUML, S.O., Die Steuerbelastung der Unternehmen in Deutschland, Bundesverband 
der Deutschen Industrie e. V., Berlin (2013). 

[35] BRINKMANN, G., Personal Communication (2015). 
[36] STATISTISCHES BUNDESAMT, Preise, Daten zur Energiepreisentwicklung, 

Wiesbaden (2014). 
[37] GANDRIK, A.M., HTGR Cost Model, Users’ Manual, INL Report INL/EXT-11-

23833, Rev 1, Idaho National Laboratory, Idaho Falls, ID (2012). 
[38] UMFAHRER, M., Kostenanalyse nuklear produzierten Wasserstoffs anhand der 

Software HEEP, Bachelor Thesis, Technical University (RWTH) Aachen (2013). 
[39] US-DEPARTMENT OF ENERGY, RUTKOWSKI, M., Current (2010) Hydrogen 

from Natural Gas without CO2 Capture and Sequestration, and Current (2010) 
Hydrogen from Natural Gas with CO2 Capture and Sequestration, both Excel-based 
softwares (2012). 

[40] GENERAL ATOMICS, IDAHO NATIONAL LABORATORY, TEXAS A&M 
UNIVERSITY, Financial Technical Report for the Period September 2002 through 
September 2005, Project Report, US Department of Energy (DOE), Washington, DC 
(2006). 

[41] EUROPEAN COMMISSION, Energy Roadmap 2050 — Impact Assessment and 
Scenario Analysis, EU Commission Staff Working Paper, Brussels (2011). 

 



 

194 

 

HEEP: MATHEMATICAL MODELS, VALIDATION & CASE STUDIES (INDIA) 

 
U.D. Malshe, A. Antony, P. Kelkar 
Department of Atomic Energy 
Bhabha Atomic Research Centre (BARC) 
Mumbai-400085, INDIA 
 

 

1. DESCRIPTION OF MATHEMATICAL MODELS USED IN HEEP 

1.1. Model for estimation of hydrogen generation cost 

The mathematical modeling used in HEEP is based on the Discounted Cash Flow (DCF) 
methodology to obtain a levelized cost for hydrogen at prescribed discount rate. Levelized cost 
is the uniform constant price at which hydrogen is to be sold over the life time of the plant to 
recover all the expenses incurred without any loss or profit at the prescribed discount rate. The 
fundamental principle of this approach is that the money received or spent as on today is worth 
more than the same amount of money received or spent in future. For example at a discount 
rate or interest rate of 10%, 100 $ of today will be equivalent to 110 $ after one year or an 
amount of 110 $ after one year worth only 100 $ of today. 

In any project the cash flow consisting of both costs and benefits takes place at different 
magnitude at different point of time, and hence for the purpose of cash flow analysis, the 
concept of ‘value of money’ is to be taken into consideration by the process of discounting as 
described below. 

 

FIG. 1. Discounting process. 

The process of discounting is depicted in Fig. 1. The present value, P, of future payment, F, 
incurred ‘i’ years from now is given by 

id

F
P

)1( 
  

where ‘d’ is the discount rate. 

Discount rate represents the cost of the capital employed. It also represents the minimum cut-
off return below which investors may not be interested in investing in the project. 

A typical life cycle cost for a nuclear power plant is shown in the Fig. 2. During construction 
of the reactor, capital cost is incurred all throughout the construction period for construction 
various facilities. Once the reactor become operational, additional expenditures are incurred in 
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the form of fuel cycle costs; both front end and back end, Operation and maintenance charges, 
refurbishment costs for major replacements, costs for consumables such as demineralized water 
for electrolysis or heavy water in case of heavy water type reactors etc. 

Costs are incurred for the initial core fuel charge inventory also. During operation of the reactor 
the spent fuel is reprocessed (if reprocessing option is considered for back end) and wastes are 
disposed off. The useful materials (plutonium, reprocessed uranium or thorium) recovered will 
have credits since they can be used for making new fuel. 

 

FIG. 2. Life cycle cost elements in a typical nuclear reactor. 

Finally the decommissioning costs are incurred for decommissioning of the nuclear power 
plant. During the operation the product is sold out to earn revenue. The expenditure is indicated 
by blue lined boxes and revenue generated in green coloured boxes in the Fig. 2. Similar cash 
flow is also considered for hydrogen generation plant. 

Figure 3 shows the block diagram of cash outflow and inflow in a simplified way. 

 

FIG. 3. Block diagram of Cash inflow & out flow entities. 
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Cash flows are made up of costs and revenues. All the costs and revenues are brought to the 
present value at the specified discount rate. The costs are entered at constant price level. Costs 
include capital expenditures, operating and maintenance costs, fuel costs, decommissioning 
costs and any taxes, if applicable. Generally, values entered by the user are nominal values. 
Real and nominal rates are correlated as follows: 

Nominal_value = [(1+real_value) × (1+inflation)] – 1 

The Discounted Cash Flow method discounts the series of expenditures and revenue generated 
over the life span to their present value with respect to a specified reference year by applying a 
discount rate. 

The present value (PV) of any cash flow (CFi) during the year ‘i’ in the reference year ‘io’ at 
discount rate ‘d’ is calculated as: 

  
o

end
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ti

ti
i d

CF
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where tstart and tend are the start and end time of the cash flows. 

Present value of expenditures is calculated by summation of present value of all expenditures 
associated with capital cost, O&M cost, decommissioning cost etc. 

    iCFPVeExpenditurPV   

The revenue is generated by sale of the product at given cost. Present value of revenue generated 
by sale of hydrogen at Levelized Cost (LC) can be given by: 

 

Here H2 Production is the annual hydrogen produced by the plant. 

For net cash flow to be zero, present value of expenditures should be equal to present value of 
revenue. Thus, 
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1.2. Model for calculations associated with the capital cost 

As an input, user has to provide overnight capital cost, Debt to Equity ratio, interest on 
borrowings and cash flow during construction period in terms of fraction of total overnight 
capital cost. The overnight capital cost comprises of sum of all expenditures incurred in design, 
licensing, manufacturing and erection, construction and commissioning of the plant. 

When the construction cost is fully equity funded then debt portion become zero. If the equity 
portion is zero, then the entire construction cost is sourced from market borrowing. Debt portion 
of overnight capital cost is calculated by simply applying Debt to Equity ratio. Based on fraction 
of cash flow specified during the year, the Debt portion during that year is calculated by 
multiplying this fraction with the Debt portion. As a first step, the total construction cost 
including interest during construction (IDC) is estimated. The compound interest on the Debt 
part during the specific year is calculated up to start of construction. Total interest during 
construction is sum of compound interest for Debt part calculated for each year during the 
construction period. The total capital cost is sum of interest during construction and the 
overnight capital cost. In HEEP, interest during construction is treated as part of total 
borrowings. Total amount of borrowings is the sum of Debt portion of overnight capital cost 
and interest during construction. 

The debt part including interest during construction is paid back at interest rate for debt 
repayment period. The total debt part paid during the repayment period is split into principal 
payment and interest payment for taxation purpose. Thus the debt portion of total capital cost 
is assumed to be recovered in the form of payment for total debt for the duration of debt 
repayment period. 

1.3. Model for calculation of total fuel cost 

As a part of mandatory inputs, user can directly provide finished fuel cost for initial fuel load 
as well as for annual feed. However, provision to arrive at the finished fuel cost starting from 
purchase of raw material is also available. User can provide following relevant data pertaining 
to one or more processes which include procurement of raw material, conversion to suitable 
chemical form, enrichment and fabrication. 

Rate of purchase (Pr) of raw material, say uranium ore; 

Rate of conversion (Cr) of uranium ore in suitable chemical form; 

Rate of enrichment (Er); 

Rate of fuel fabrication (Fr); 

Loss in each of the above activity, i.e. conversion (lc), enrichment (le) & fabrication (lf); 

Advance periods (lead time) for each of the above activity i.e. procurement of raw material (tp), 
conversion (tc), enrichment (te) and fabrication (tf). 

The loss in any process will lead to increase in quantity of fuel to be handled during its previous 
processes. 
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Since the cost of different processes of front end of fuel cycle is incurred at different points of 
time in advance with respect to the time in which the fuel is loaded into the core, discounting 
of the cash flow is done for the analysis. The concept of advanced period is depicted in Fig. 4. 

 

FIG. 4. Lead time for various activities of front end of fuel cycle. 

Based on these inputs, the cost for each process viz. purchase (Fp), conversion (Fc), enrichment 
(Fe) and fabrication (Ff) per unit mass of finished fuel is calculated using: 
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where RR is enrichment ratio calculated based on fraction of feed (xf), Product (xp), and tail (xt) 
provided by user. 
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HEEP models both front end cost and back end cost of the fuel cycle. The back end cost depends 
on open cycle or closed cycle, i.e. direct disposal or reprocessing route as given in Fig.s 5 and 
6. 

 

FIG. 5. Fuel cycle components. 

 

FIG. 6. Fuel cycle cost elements of back end (reprocessing). 

Total fuel cycle cost at a given time ‘i’ is given by the expression 

Fi = Fp + Fc + Fe + Ff + Fts + Fr + Fd – Cpu – Cru – CrTh 

Back end cost 

Storage and transportation, Fts; 

Reprocessing, Fr; 

Waste disposal, Fd 



 

200 

 

Credits 

Cost of recovered plutonium, Cpu; 

Cost of recovered uranium, Cru; 

Cost of recovered thorium, CrTh 

Analogous to the lead time considered for different processes of front end of fuel cycle, the lag 
time is also considered for different stages of back end of the fuel cycle. 

1.4. Depreciation model 

Linear depreciation has been assumed in HEEP. Salvage value of 10% is assumed at the end of 
specified depreciation period. Depreciation is applied on the capital cost inclusive of interest 
during construction. Depreciation is also applied on refurbishment cost component. 

1.5. Model for calculation of refurbishment cost 

The software tool considers refurbishment cost in addition to routine maintenance cost. Even 
though, both these components are elements of O&M cost, the main difference between these 
elements is that the refurbishment cost is applied only during the refurbishment year specified 
by the user. Also, during refurbishment year, power generation and/or hydrogen production is 
nil. The refurbishment cost is depreciable while routine maintenance cost is not depreciable. 
Linear depreciation model with salvage value of 10% has been incorporated in the program. 

1.6. Model for inclusion of tax 

HEEP considers the tax on the net income. Based on the basic principle of economics and 
accounting, the net present value of “After Tax Cash Flow” shall be zero at real discount rate 
for computation of the levelized cost. 

ATCF is computed from Before tax cash flow (BTCF) minus taxes paid Taxes paid (T) are 
computed on the net income after depreciation (D) at a tax rate of t. Net income is computed 
by the difference between revenue generated (R) by sale of product (hydrogen or energy either 
in the form of electricity or heat) and operating expenses (OPE). BTCF is defined as difference 
between the net income and capital expenditure (CC). Based on these the following expressions 
can be derived. Figure 7 shows the cash flow accounting details. 

 

FIG. 7. Cash flow accounting details. 
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The operating expenses include O&M cost, decommissioning component and interest paid on 
borrowing. Annual fuel charges, consumable charges, operating charges, routine maintenance 
expenses are included in the O&M cost. The capital cost expenditure includes equity component 
of capital cost, refurbishment cost and principal part of debt component paid back. 

1.7. Model for dual purpose plants 

When the nuclear power plant produces both electricity and heat energy, power credit 
methodology [1], also used by G4ECONS [2], has been applied to arrive at the cost of electricity 
produced. 

As per this methodology, the amount of net energy generated by the reference single-purpose 
plant (Eth) and total expenses incurred (Cth) are calculated first, from which the cost per saleable 
kWth (CkWth) is derived (CkWth = Cth / Eth). Then the amounts of both the electricity (We) and 
the (lesser) net saleable thermal power (E2) produced by the dual-purpose plant, as well as its 
total expenses (C2), are calculated. E2 is lower than Eth because of the energy needed for 
electricity in the dual-purpose plant, and C2 is higher than Cth because of the extra electricity 
production expenses. The electricity is then charged by these expenses and afterwards credited 
by the net salable power costs (C2 – E2(CkWth)). Fig.s 8 and 9 describe the details of this 
methodology. 

 

FIG. 8. Dual purpose NPP. 

 

FIG. 9. Modelling of power credit method. 
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The cost of the electricity (Cele) is then calculated as 

e

kWth
ele W

)(CEC
=C 22   

In the above formulas it shall be noted that the costs are the levelized cost which includes, 
capital, O&M and fuel cycle cost. It is assumed that the fuel cycle costs for dual purpose and 
reference plant are the same. In HEEP from the costs elements of dual purpose plant which 
produces both electricity and heat, the cost of reference plant which produces thermal energy 
alone is derived by subtracting the cost elements infrastructure required for electrical 
generation. 

1.8. Model for co-located facilities 

When energy is derived from the co-located nuclear power plant, the cost of energy input to 
hydrogen generation, storage and transportation facility depends on the amount of electricity 
and thermal energy derived the nuclear power plant. The programme first computes Levelized 
Cost of Unit Energy (either thermal and/or electricity). Depending on quantity of energy 
consumed by hydrogen production plant (including storage and transportation facilities, if 
applicable), cost of energy usage is considered by the programme as a product of Levelized 
Cost of Unit Energy and energy consumed. When the co-located nuclear power plant is 
generating enough energy required by hydrogen generation plant (including storage and 
transportation facilities, if applicable) user is not supposed to provide energy usage cost 
separately, as an element of O&M cost. However, if the energy from nuclear power plant is 
insufficient, the programme has a provision to consider energy needed for hydrogen generation 
plant, storage facility and transportation from offsite power sources. User has to provide 
information in the form of energy usage cost in such cases. 

 

FIG. 10. HEEP module for co-located plants. 

 

HEEP simulates the economics of a hydrogen generation plant which receives energy inputs 
from an NPP. Depending on the process of hydrogen production like conventional electrolysis, 
S–I cycle, hybrid sulfur cycle, or high temperature electrolysis either electricity or heat or 
combination of both can be derived from the NPP as input to the hydrogen generation plant 
operation. Based on the user inputted technical and cost & financial parameters NPP module 
calculates the levelized electricity and thermal costs (LUEC-e and LUEC-t) and these values 
will be given to the hydrogen generation module for calculating energy input costs required for 
running the hydrogen generation plant (see Fig. 10). Based on the technical and cost and 
financial parameters entered by the user for the hydrogen generation plant, the hydrogen 
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generation plant module evaluates the levelized hydrogen generation cost (LHGC). HEEP 
models the hydrogen storage and transportation also and compute these components based on 
the user given inputs. Hydrogen storage module considers storage as gas, liquid or in metal 
hydrides. Transportation module simulates economics of transportation via pipeline or truck. 

HEEP can simulate the cases of co-located NPP and HGP. In such case input energy is supplied 
by the co-located NPP. 

1.9. Model for isolated facilities 

If the hydrogen generation plant is drawing energy from commercially available offsite power 
sources, user has to provide the cost of this energy as energy usage cost. This cost is considered 
as part of O&M cost component. 

2. VALIDATION OF HEEP 

2.1. Validation: Comparison with H2A 

2.1.1. Background of H2A 

H2A (http://www.hydrogen.energy.gov/h2a_analysis.html), which stands for Hydrogen 
Analysis, was first initiated in February, 2003 by U.S. Department of Energy (DOE) under the 
Hydrogen and Fuel Cells Program for bettering capabilities of analysts working on hydrogen 
systems, and to establish a set of financial parameters and methodology for analyses. The first 
task the H2A effort has chosen to tackle is to develop a standardized approach and set of 
assumptions for estimating the lifecycle costs of hydrogen production and delivery technologies 
and the resulting cost of hydrogen. Applying the same methodology to each technology and 
choosing appropriate assumptions will lead to an equitable comparison across technologies. A 
Core H2A Group was formed to complete this task. A set of hydrogen production and delivery 
technologies chosen for analysis. These are technologies for which considerable information 
already exists and that are currently considered prospects for future commercialization. The 
analyses include various options for central production of hydrogen in large plants and for 
forecourt production in distributed production facilities which also dispense hydrogen to 
vehicles in a manner similar to that at gasoline stations. 

H2A methodology uses a spreadsheet tool based on the discounted cash flow methodology to 
estimate the levelized cost of hydrogen. Basic process information (feedstock and energy 
inputs, size of plant, co-products produced, etc.), technology (e.g. process efficiency and 
hydrogen product conditions) and economic assumptions (after tax internal rate of return, 
depreciation schedule, plant lifetime, income tax rate, capacity factor, etc.) are considered in 
the tool. These models do a discounted cash flow analysis over the analysis time period based 
on the specified economic assumptions to calculate the cost of hydrogen produced over the 
analysis time with the after tax internal rate of return on capital investment. Version 2.1 of the 
central and distributed H2A models was released in September 2008, Version 3.0 of the models 
was released in 2012 and Version 3.1 of the models was released in 2015. 

The following set of key economic parameters was selected by the H2A analysts to utilize 
within their analyses. These were discussed with industry collaborators who participated in the 
H2A effort. The user of the H2A analysis model tools is free to change these parameters to any 
value they chose for their own purposes. 
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Reference year dollars: 2005 

Debt versus equity financing: 100% equity 

After tax internal rate of return: 10% real 

Inflation rate: 1.9% 

Effective total tax rate: 38.9% 

Depreciation period and schedule: MACRS 

Central plant production: 20 a 

Forecourt production: 7 a 

Delivery components: typically 5 a with a few exceptions 

Economic analysis period: Central plant production: 
 Forecourt production: 
 Delivery components model: 

40 a 
20 a 
20 a 

Decommissioning costs are assumed equal to salvage value 

HEEP and H2A use the method of discounted cash flow for the estimation of the levelized cost 
of hydrogen. However, some of the features of HEEP and H2A differ. While comparison 
between results obtained using HEEP and H2A is given in Chapter 2.2.2., some of the 
distinctive features of HEEP and H2A are compared as follows: 

2.1.2. Methodology 

Input interfaces of HEEP and H2A are different. While H2A has Microsoft Excel spreadsheet 
based interface for modeling the hydrogen generation plant, HEEP is an independent executable 
application developed using Microsoft Visual Studio programming language. The 
computational module of HEEP is developed in FORTRAN. 

2.1.3. Detailing 

Both HEEP and H2A gives contribution of each cost component viz. capital cost, running cost 
and decommissioning cost, but H2A is unable to provide share of each of the facility associated 
with hydrogen generation and distribution. This is mainly because in HEEP all details have to 
be provided as a separate entity of each plant or facility (source of heat/electricity, storage and 
transportation) associated with hydrogen production. As an output, programme gives 
contribution of each facility in the total hydrogen cost. However, H2A considers the cost 
components of all facilities on lump sum basis and do not have any separate module for 
consideration of cost inputs from NPPs. 

2.1.4. Construction period 

Another difference between HEEP and H2A is the construction period. The version of H2A 
used for comparison considers construction period not exceeding 4 years. While in HEEP there 
is no limit on construction period. 

2.1.5. Debt repayment 

In H2A, debt portion (market borrowing) of the capital cost is incurred in the first year of the 
construction period itself. Repayment of debt component starts from the first year of 
construction period. In HEEP, debt part incurred in each year of the construction period is based 
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on the fraction of cash flow during that year and debt/equity ratio. Repayment of debt part 
borrowed in each year starts from the respective year of incurring. 

 

2.2. Benchmark with H2A code 

2.2.1. Estimation of hydrogen cost using HEEP 

During first RCM on CRP “Examining the Techno-Economics of Nuclear Hydrogen 
Production and Benchmark Analysis of the IAEA HEEP Software”, five combinations of 
nuclear power plant and hydrogen generating processes were identified for benchmarking of 
the IAEA software tool HEEP. During this meeting, it was agreed to use following information 
on technical features, construction time and cost components provided in Table 1 for estimation 
of hydrogen cost. 

As per the information compiled during first RCM, the cost for disposal of nuclear fuel is 
considered to be included in the annual fuel cost. Further, the thermal efficiency of nuclear 
power plants in Case-1 to Case-3 is considered as 33% and efficiency of electrolyzer to generate 
hydrogen is considered as 79% with regard to electrical energy. 

In the absence of relevant information, default values for techno-economic parameters given in 
Table 2 are considered for the assessment using HEEP. 

During the first RCM, a lump sum of annual fuel cost for the nuclear power plant was provided. 
However, HEEP models the fuel cost through the cost of fuel per unit weight. Thus, based on 
the anticipated initial fuel load as well as annual fuel consumption, the fuel cost per kg was 
derived from the annual fuel cost given in Table 1. The values of initial fuel load and annual 
fuel consumption considered for all five cases are given in Table 3. For batch type annual 
loading, it is further assumed that one-third core is replaced during each re-loading, as done for 
many operating PWRs. 

Hydrogen generation in three cases, viz. Case-1 to Case-3, employs the conventional 
electrolysis process. This process requires energy in the form of electricity only. The nuclear 
power plant co-located with hydrogen generation plant is considered to produce only electricity 
for these three cases. 

Case-4 deals with a combination of nuclear power plant and hydrogen plant which operates on 
high temperature steam electrolysis process. The process requires electricity. However, no 
information on electricity required by the process was available. In absence of this information, 
supply of heat energy alone from nuclear power plant is considered in HEEP. In such 
circumstance, user has to provide energy usage cost to meet the electricity demand to operate 
hydrogen plant. However, it is further assumed that the cost of electricity purchase from grid is 
included in the total O&M cost. This is assumed as the O&M cost per unit of hydrogen produced 
for hydrogen plant based on high temperature steam electrolysis was found to be 4–5 times 
higher than plants operating on conventional electrolysis process. Hence, the energy usage cost, 
which covers the cost of external electricity usage at market rate, has not been considered 
separately, but considered to be included in the annual O&M cost. It should be noted here that 
this cost is expected to be substantial contributor to the final cost of hydrogen. 
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TABLE 1. DETAILS OF CASES IDENTIFIED FOR BENCHMARKING EXERCISE 
 Case-1 Case-2 Case-3 Case-4 Case-5 

Common parameters for both nuclear power plant & hydrogen production plant 

Capacity factor (%) 93 93 93 90 90 

Construction period (a) 5 5 5 3 3 

Nuclear power plant details 

Reactor type APWR APWR APWR 
(AP1000) 

HTGR HTGR 

Capacity 359.5  
MW(e) 

719  
MW(e) 

1117  
MW(e) 

509.3 
MW(th) 

630.7 
MW(th) 

Number of units 2 2 2 2 2 

Capital investment 
(M US $) 

6310 9313 11 928 804.6 1210 

Annual O&M  
(M US $ (% of CC)) 

104.9  
(1.66) 

154.8  
(1.66) 

198.28  
(1.66) 

46.96  
(5.83) 

21.97  
(1.82) 

Annual fuel cost  
(M US $) 

34.96 51.6 66.09 38.24 69.73 

Decommissioning 
cost 

2.8% of CC 2.8% of CC 2.8% of CC 94.04 M $ 101 M $ 

Hydrogen production plant details 

Process type Electrolysis Electrolysis Electrolysis HTSE S–I 

Hydrogen generation 
rate (kg/s) 

4 8 12 4 4 

Capital cost  
(M US $) 

422.6 846.2 1313 458.5 666.2 

Non-process 
electricity 
requirement 

    42.8 MW(e) 

Annual O&M  
(M US $ (% of CC)) 

16.9 (4) 33.81 (4) 52.52 (4) 79.04 
(17.24) 

44.52 (6.68) 

Demineralized water 
consumption (L/a) 

1.136×109 2.272×109 3.530×109 1.136×109  

Decommissioning 
cost (% of CC) 

10 10 10 10 10 
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TABLE 2. DETAILS OF DEFAULT VALUES OF PARAMETERS 

Fiscal parameters 

1. Nominal discount rate 5% 

2. Inflation rate 1% 

3. Equity to Debt ratio 70:30 

4. Interest on borrowings 10% 

5. Tax rate 10% 

6. Depreciation period 20 a 

7. Return period for market borrowing 40 a 

8. Cash flow during construction period Equally distributed 

Important time periods 

9. Operating life 40 a 

10. Cooling before decommissioning 2 a 

11. Decommissioning period 10 a 

 

 

TABLE 3. DETAILS OF FUEL COST PARAMETERS 

 Case-1 Case-2 Case-3 Case-4 Case-5 

Initial fuel load per unit 
(kg) 

27 000 54 000 75 000 14 000 18 000 

Annual fuel consumption 
per unit (kg) 

9000 18 000 25 000 5000 6000 

Rate of fuel ($/kg) 1850 1365 1260 3660 5535 

 

Hydrogen generation in Case-5 uses the high temperature S–I process. As per the information 
compiled, the hydrogen generation plant consumes electric power of 42.8 MW(e). It is assumed 
that the electricity is obtained from the grid at $0.072 /kWh, in both H2A and HEEP. 

2.2.2. Comparison between hydrogen cost estimation using HEEP and H2A 

With the same inputs, hydrogen cost is estimated using another software tool H2A. This tool 
was downloaded from the internet. Table 4 gives comparison between results generated by 
HEEP and H2A. 
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TABLE 4. COMPARISON OF HYDROGEN COST ESTIMATED BY HEEP AND H2A  
(UNIT: US $/kg-H2) 

 Case-1 Case-2 Case-3 Case-4 Case-5 

HEEP results 5.46 4.14 3.56 2.24 2.63 

H2A results 5.32 4.03 3.39 2.21 2.53 

 

The levelized hydrogen cost estimated by HEEP closely matches with that estimated by H2A. 
The range of variation is from 0.14 $ to 0.03 $ per kg of hydrogen. 

In Case-1 to Case-3, the construction period specified is 5 years. H2A cannot account for 
construction period more than 4 years. Hence, the cost estimated by H2A model is with an 
assumption of 4 years construction period while that from HEEP is with 5 year construction 
period. For Case-4 and Case-5, where construction period considered is same for both HEEP 
and H2A estimations, the match between the results obtained from H2A and HEEP are in 
excellent agreement being within 0.06 $ per kg of hydrogen. 

When the construction period for Case-1 to Case-3 is reduced to 4 years in HEEP, it was 
observed that the match improves. The variation reduces from 0.14 $ to 0.05 $. The comparison 
is given in Table 5. 

 

TABLE 5. COMPARISON OF HYDROGEN COST ESTIMATED BY HEEP AND H2A  
(UNIT: US $/kg-H2) 

 Case-1 Case-2 Case-3 
HEEP results 5.46 4.14 3.56 
H2A results 5.32 4.03 3.39 

 

These results indicate that the underlying mathematical models and the programming of HEEP 
are accurate, and flexible enough, to analyse any nuclear hydrogen generation scenario. 

 

3. CASE STUDIES 

3.1. HEEP results of generic cases analysed by India 

During first RCM on CRP “Examining the Techno-Economics of Nuclear Hydrogen 
Production and Benchmark Analysis of the IAEA HEEP Software”, five combinations of 
nuclear power plant and hydrogen generating processes were identified for benchmarking of 
the IAEA software tool HEEP. During this meeting, it was agreed to use following information 
on technical features, construction time and cost components provided in Table 6 for estimation 
of hydrogen cost. 
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TABLE 6. DETAILS OF CASES IDENTIFIED FOR BENCHMARKING EXERCISE 

 Case-1 Case-2 Case-3 Case-4 Case-5 

Common parameters for both nuclear power plant & hydrogen production plant 

Capacity factor (%) 93 93 93 90 90 

Construction period 
(a) 

5 5 5 3 3 

Nuclear power plant details 

Reactor type APWR APWR APWR 
(AP1000) 

HTGR HTGR 

Capacity 359.5  
MW(e) 

719  
MW(e) 

1117  
MW(e) 

509.3 
MW(th) 

630.7 
MW(th) 

Number of units 2 2 2 2 2 

Capital investment 
(M US $) 

6310 9313 11 928 804.6 1210 

Annual O&M  
(M US $ (% of CC)) 

104.9  
(1.66) 

154.8  
(1.66) 

198.28  
(1.66) 

46.96  
(5.83) 

21.97  
(1.82) 

Annual fuel cost  
(M US $) 

34.96 51.6 66.09 38.24 69.73 

Decommissioning 
cost 

2.8% of CC 2.8% of CC 2.8% of CC 94.04 M $ 101 M $ 

Hydrogen production plant details 

Process type Electrolysis Electrolysis Electrolysis HTSE S–I 

Hydrogen generation 
rate (kg/s) 

4 8 12 4 4 

Capital cost (M$) 422.6 846.2 1313 458.5 666.2 

Non-process 
electricity requirem. 

    42.8 MW(e) 

Annual O&M  
(M$ (% of CC)) 

16.9  
(4) 

33.81  
(4) 

52.52  
(4) 

79.04  
(17.24) 

44.52  
(6.68) 

Demineralized water 
consumption (L/a) 

1.136×109 2.272×109 3.530×109 1.136×109  

Decommissioning 
cost (% of CC) 

10 10 10 10 10 
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As per the information compiled during first RCM, the cost for disposal of nuclear fuel is 
considered to be included in the annual fuel cost. Further, the thermal efficiency of nuclear 
power plants in Case-1 to Case-3 is considered as 33% and efficiency of electrolyzer to generate 
hydrogen is considered as 79% with regard to electrical energy. 

In the absence of relevant information, default values for techno-economic parameters given in 
Table 7 are considered for the assessment using HEEP. 

 

TABLE 7. DETAILS OF DEFAULT VALUES OF PARAMETERS 

Fiscal parameters 

1. Nominal discount rate 5% 

2. Inflation rate 1% 

3. Equity to Debt ratio 70:30 

4. Interest on borrowings 10% 

5. Tax rate 10% 

6. Depreciation period 20 a 

7. Return period for market borrowing 40 a 

8. Cash flow during construction period Equally distributed 

Important time periods 

9. Operating life 40 a 

10. Cooling before decommissioning 2 a 

11. Decommissioning period 10 a 
 

During the first RCM, a lump sum of annual fuel cost for the nuclear power plant was provided. 
However, HEEP models the fuel cost through the cost of fuel per unit weight. Thus, based on 
the anticipated initial fuel load as well as annual fuel consumption, the fuel cost per kg was 
derived from the annual fuel cost given in Table F-6. The values of initial fuel load and annual 
fuel consumption considered for all five cases are given in Table 8. For batch type annual 
loading, it is further assumed that one-third core is replaced during each re-loading, as done for 
many operating PWRs. 

 

TABLE 8. DETAILS OF FUEL COST PARAMETERS 

 Case-1 Case-2 Case-3 Case-4 Case-5 

Initial fuel load per unit 
(kg) 

27 000 54 000 75 000 14 000 18 000 

Annual fuel consumption 
per unit (kg) 

9000 18 000 25 000 5000 6000 

Rate of fuel ($/kg) 1850 1365 1260 3660 5535 
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Hydrogen generation in three cases, viz. Case-1 to Case-3, employs the conventional 
electrolysis process. This process requires energy in the form of electricity only. The nuclear 
power plant co-located with hydrogen generation plant is considered to produce only electricity 
for these three cases. 

Case-4 deals with a combination of nuclear power plant and hydrogen plant which operates on 
high temperature steam electrolysis process. The process requires electricity. However, no 
information on electricity required by the process was available. In absence of this information, 
supply of heat energy alone from nuclear power plant is considered in HEEP. In such 
circumstance, user has to provide energy usage cost to meet the electricity demand to operate 
hydrogen plant. However, it is further assumed that the cost of electricity purchase from grid is 
included in the total O&M cost. This is assumed as the O&M cost per unit of hydrogen produced 
for hydrogen plant based on high temperature steam electrolysis was found to be 4–5 time 
higher than plants operating on conventional electrolysis process. Hence, the energy usage cost, 
which covers the cost of external electricity usage at market rate, has not been considered 
separately, but considered to be included in the annual O&M cost. It should be noted here that 
this cost is expected to be substantial contributor to the final cost of hydrogen. 

Hydrogen generation in Case-5 uses the high temperature S–I process. As per the information 
compiled, the hydrogen generation plant consumes electric power of 42.8 MW(e). It is assumed 
that the electricity is obtained from the grid at $0.072 /kWh, in both H2A and HEEP. With the 
above considerations, hydrogen cost is estimated using HEEP. The hydrogen cost predictions 
by HEEP are given in Table 9. 

 

TABLE 9. HYDROGEN COST PREDICTED BY HEEP 

 Case-1 Case-2 Case-3 Case-4 Case-5 

Hydrogen cost (US $/kg) 5.46 4.14 3.56 2.24 2.63 

Levelized cost of thermal 
energy (US $/kW(th)) 

- - - 0.017 0.018 

Levelized cost of 
electricity (US $/kW(e)) 

0.101 0.074 0.061 - - 

 

As per the results shown in Table 9, with the assumed data for the five generic cases studied, 
the lowest cost of hydrogen production is for Case-4 which simulates hydrogen production plant 
based on High Temperature Steam Electrolysis process co-located with High Temperature 
Reactor. This may be due to higher efficiency achieved with increased hydrogen generation 
process temperature. 

It evident from Table 9 that in case of conventional electrolysis plant co-located with 
Pressurized Water Reactor, the hydrogen cost reduces with increase in capacity of both nuclear 
power plant and hydrogen generation plant. The shares of nuclear power plant and hydrogen 
generation plant in total hydrogen cost are given in Fig. 11. 
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FIG. 11. Share of nuclear power plant (blue) and hydrogen generation plant (red). 

 

The hydrogen cost is influenced by share of nuclear power plant. This is mainly because the 
specific capital cost (cost per unit of annual hydrogen production) and specific O&M cost (cost 
per unit of annual hydrogen production) for hydrogen generation plant is almost same for all 
three cases. However, the specific capital cost (capital cost per MW(e)) of the nuclear power 
plant considered for Case-1 is highest and reduces with increase in the capacity. This reduction 
seems to be attributable to the `economy of scale`, a phenomenon observed in the construction 
of power plants. The same is true for specific O&M (O&M cost per MW(e)) as well as specific 
fuel cost of nuclear power plant. Also, fuel cost per MW(e) also reduces with increase in the 
power level. The specific costs for these three cases are given in Table 10. 

 

TABLE 10. SPECIFIC COSTS FOR CASE-1 to CASE-3 

 Specific capital cost Specific O&M cost Specific fuel 
cost for NPP 

 NPP 
(M$/MW(e)/unit) 

H2 plant 
(M$/(kg-
H2/s)) 

NPP 
(M$/MW(e)/unit) 

H2 plant 
(M$/(kg-
H2/s)) 

Case-1 8.78 105.65 0.146 4.225 0.048 

Case-2 6.47 105.77 0.108 4.226 0.035 

Case-3 5.34 109.41 0.089 4.37 0.03 

 

 

3.2. Technology cases 

The four technology cases were run, for the technical and financial parameters indicated in 
Table 11 and 12 and the results are listed in Table 13. 
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TABLE 11. HEEP PARAMETERS FOR THE NPP & HGP 

 Canada China Germany Japan 
Nuclear plant EC6 HTR-PM  HTR-Modul GTHTR300C 
to be connected with Cu–Cl S–I SMR S–I 
Number of units 4 2 2 1 
Thermal power (MW(th)/unit) 2084  250 170 600 
Capacity factor (%) 90 90 90 90 
Availability factor (%) 100 100 100 100 
Thermal power for H2 plant 
(MW(th)/unit) 

159.58  250 117 170 

Electrical power (MW(e)/unit) 629.86 0 21.3 203.99 
Initial fuel loading (kg/unit) 87 552 2940 2396 7090 
Annual fuel reloading (kg/unit) 126 000 1014 767 1773 
Capital cost (M $/unit) 2243.77 250 599 547 
Capital cost for electricity 
producing infrastruct. (% of CC) 

12.2 0 10 21 

Fuel cost ($/kg) 137.2 4800 11 000 12 962 
O&M cost (% of CC) 4.21 3.81 4 3.98 
Decommissioning cost (% of CC) 14.75 4 10 0.59 
Construction period (a)  6 3 3 4 
Operation period (a) 30 40 40 40 
Cooling before decommissioning 
(a) 

0 2   

Decommissioning (a) 50 10 10 10 
Refurbishment (a) 0 ? 1 1 
Spent fuel cooling (a) 7 2 2 2 
Waste cooling (a) 0 10 10 10 
Hydrogen production plant     
Number of units 1 2 2 1 
Capacity factor (%) 90 90 90 90 
Availability factor (%) 100 100 100 100 
H2 generation per unit (kg/a) 1.21E+08 2.14E+07 4.94E+07 2.17E+7 
Heat consumption (MW(th)/unit) 638.32 250 117 170 
Power consumption (MW(e)/unit) 273.25 20 21.3 25.4 
Capital cost (M$/unit) 400.23 100 203 143 
Energy usage cost (M$) 0 10.5 0 0 
O&M cost (% of CC) 7 5.46 27 4.26 
Decommissioning cost  
(% of CC) 

10 5 10 0 

 

TABLE 12. COUNTRY SPECIFIC FINANCIAL PARAMETERS 

1. Nominal discount rate 12% 
2. Inflation rate 5.65% 
3. Equity to Debt ratio 30:70 
4. Interest on borrowings 10.5% 
5. Tax rate 30% 
6. Depreciation period 20 a 
7. Return period for market borrowing 15 a 
8. Cash flow during construction period Equally distributed 
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TABLE 13. THE RESULTS 

Cases  Canada 
(Cu–Cl) 

China  
(S–I) 

Germany 
(SMR) 

Japan 
(S–I) 

Contribution to LHGC from:     
NP Capital cost (equity) ($/kg) 0.40 0.32 0.33 0.19 
NP Capital cost (debt) ($/kg) 0.84 0.64 0.67 0.45 
NP O&M + refurbishment ($/kg) 0.52 0.45 0.49 0.35 
NP Decommissioning ($/kg) 0.43 0.02 0.06 0.00 
NP Fuel ($/kg) 0.11 0.27 0.20 0.49 
Total (nuclear plant) ($/kg) 2.30 1.69 1.74 1.49 
H2 Capital cost (equity) ($/kg) 0.11 0.13 0.11 0.19 
H2 Capital cost (debt) ($/kg) 0.22 0.26 0.23 0.37 
H2 O&M + refurbishment ($/kg) 0.26 0.53 1.23 0.31 
H2 Decommissioning ($/kg) 0.07 0.01 0.02 0.00 
Total (hydrogen plant) ($/kg) 0.66 0.92 1.59 0.87 
Total LHGC from production ($/kg) 2.96 2.62 3.33 2.36 

 

 

3.3. Effect of financial parameters on hydrogen generation cost 

Effect of financial parameters was studied for the Case-1 (Minutes of 1st RCM on CRP 
Examining the Techno-Economics of Nuclear Hydrogen Production and Benchmark Analysis 
of the IAEA HEEP Software). The technical and financial parameters of the case are listed in 
Table 14 and 15. 

Several parameters affect the economics of hydrogen generation. Some of them are; discount 
rate, interest rate, capital cost of NPP & HGP, construction time, cash flow profile, debt to 
equity ratio. Out of these, four parameters are selected, which is expected to affect the cost of 
hydrogen to a considerable extent. Discount rate, interest rate, capital cost of NPP and HGP are 
taken for the study. These parameter values were varied from –30% to +30% of its reference 
value one by one while keeping all other parameters fixed at its reference value. 

Based on the technical parameters and the financial parameters listed in Tables 1 and 2 the cost 
of hydrogen is estimated as 5.46 $/kg for the reference case. The sensitivity results are plotted 
in Fig. 11. Hydrogen cost varies between 4.04 to 6.88 $/kg for variation in capital cost of NPP 
between 30% reduction to 30% increase from its reference value while the hydrogen cost varies 
from 4.92 to 6.12 $/kg for absolute value of discount rate changes from 3.5% to 6.5%. Hydrogen 
cost found to increase from 4.96 to 6 $/kg and 5.33 to 5.59 $/kg, respectively, for variation in 
interest rate and capital cost of HGP from –30% to +30%. It can be seen from the Fig. 12 that 
variation in capital cost of NPP has maximum impact to the hydrogen cost, followed by discount 
rate, interest rate and capital cost of HGP. It is obvious since the NPP are capital intensive entity 
and any reduction in its capital cost will contribute to the reduction in hydrogen cost. Therefore 
it is favorable to build large NPPs, to produce hydrogen in larger scale, which will lead to 
reduction in hydrogen cost due to reduction in specific capital cost of NPP, realized by economy 
of scale. 
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TABLE 14. DETAILS OF CASES STUDIED 

Parameter Value 
Nuclear plant  
Number of units 2 
Electrical generation efficiency (%) 33 
Thermal power rating (MW(th)/unit) 1089 
Capacity factor (%) 93 
Availability factor (%) 100 
Process heat for H2 plant (MW(th)/unit) 0 
Electrical power (MW(e)/unit) 359.37 
Initial fuel loading (kg/unit) 27 000 
Annual fuel reloading (kg/unit) 27 000 
Capital cost (M$/unit) 3160 
Capital cost fraction for electricity producing 
infrastructure (%) 

10 

Fuel cost (US $/kg) 1850 
O&M cost (% of CC) 1.66 
Decommissioning cost (% of CC) 2.6 
Hydrogen production plant  
Number of units 1 
Capacity factor (%) 93 
Availability factor (%) 100 
H2 generation per unit (kg/a) 1.26E+08 
Heat consumption (MW(th)/unit) 0 
Power consumption (MW(e)/unit) 718.74 
Capital cost (M$/unit) 423 
Energy usage cost (M$) 0 
O&M cost (% of CC) 4 
Decommissioning cost (% of CC) 10 

 

TABLE 15. FINANCIAL PARAMETERS 

Fiscal parameters 
1. Nominal discount rate 5% 
2. Inflation rate 1% 
3. Equity to Debt ratio 70:30 
4. Interest on borrowings 10% 
5. Tax rate 10% 
6. Depreciation period 20 a 
7. Return period for market borrowing 40 a 
8. Cash flow during construction period Equally distributed 
Important time periods 
9. Operating life 40 a 
10. Cooling before decommissioning 2 a 
11. Decommissioning period 10 a 

 

Discount rate also has significant impact on the hydrogen cost. Which implies that cost of 
investment has a bearing on the hydrogen generation cost and as the cost of investment 
decreases the hydrogen generation cost also decrease and vice versa. Scenarios where the cost 
of investment is less or the funds can be sourced at lower cost, the economics of hydrogen 
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generation improves. If the required investment can be borrowed at a lower interest rate from 
the market then also economy of hydrogen improves. 

 

 

FIG. 12. Sensitivity to levelized cost of hydrogen to financial variables. 

 

4. CONCLUSIONS 

HEEP mathematical formulation is based on the discounted cash flow analysis methodology to 
compute a levelized unit energy cost at a given discount rate for hydrogen by modeling all 
associated cost elements in the hydrogen production infrastructure. The code has the flexibility 
for simulation of a hydrogen generation facility either located nearby to the energy source or 
away from it. The source of financing can be modeled in HEEP using a mix of equity and debt 
simulating a realistic financing scenario. The code separately considers an interest rate for 
market borrowing and a discount rate for the analysis. The code also simulates cases in which 
tax is needed to be considered. It can be seen that HEEP is much more a comprehensive tool 
for a rigorous analysis of hydrogen economics for generation, storage and transportation. Most 
importantly it can model the Nuclear Power Plant which supplies energy inputs to the hydrogen 
generation plant in detail and the unit energy cost of both thermal energy and electrical energy 
from the dual purpose NPP are computed and displayed in the code along with their 
components. Case studies show that HEEP code results closely matches with similar codes such 
as H2A and G4-ECONS. 
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1. INTRODUCTION 

Hydrogen can be produced from a variety of feedstocks; from fossil resources such as natural 
gas and coal, and from renewable resources such as biomass and water with input from 
renewable energy sources (e.g. sunlight, wind, wave or hydro-power). Hydrogen can currently 
be produced from natural gas by using three different chemical processes: 1. Steam reforming 
(SMR–steam–methane reforming), 2. Partial oxidation (POX) and 3. Autothermal reforming 
(ATR). The feedstock dictates the selection of the production method. Steam reforming of 
natural gas or syngas called as Steam–Methane Reforming (SMR) is the most common method 
of producing commercial bulk hydrogen as well as the hydrogen used in the industrial synthesis 
of ammonia and urea (fertilizer plant). At high temperature (700–1100 °C) and in the presence 
of a metal based catalyst (nickel), steam reacts with methane to yield carbon monoxide and 
hydrogen. Furthermore, hydrogen can be recovered by a lower temperature gas shift reaction 
with the carbon monoxide produced. The reforming reaction is strongly endothermic (consumes 
heat), it supplies the heat by combustion of additional natural gas. Therefore, combustion of 
natural gas to supply reaction heat will reduce amount of natural gas as raw material for 
hydrogen production. Steam–methane reforming (SMR) is currently the most widely used and 
commercialized process to produce large quantities of hydrogen in Indonesia. 

Steam reforming is one of hydrogen production method by using natural gas as raw material 
and fuel. In this process, natural gas reacts with steam in the presence of a nickel catalyst in the 
reactor. Steam reforming is a hydrogen production method using natural gas as raw material 
and fuel as well. In Indonesia, steam reforming of natural gas is the most common method of 
producing commercial bulk hydrogen as well as the hydrogen used in the industrial synthesis 
of ammonia and urea (fertilizer plant). It is also the least expensive method. 

Steam Reforming is a method which is commercially used for hydrogen production in the most 
of fertilizer industry in Indonesia, such as: PT. Pupuk Kaltim, Petrokimia Gresik, Pupuk Kujang 
and several other fertilizer companies. Natural gas resource of East Kalimantan province uses 
most of natural gas as raw material and fuel for hydrogen production by SMR and used most 
of it for fertilizer industry, where PT. Pupuk Kaltim in the East Kalimantan province is the 
biggest fertilizer producer. Therefore, supply and demand of hydrogen in the East Kalimantan 
province depends on the production of fertilizers in PT. Pupuk Kaltim, even though it is not 
representing all sectors (e.g. industry, transport, etc.). Map of hydrogen supply and demand can 
be calculated by measuring the stoichiometry of the supply of natural gas, which is the main 
raw material for ammonia and urea. Nowadays, natural gas resources are limited. Steam 
reforming process used natural gas as feedstock and fuel by ratio 40% for raw material and 60% 
for fuel. Natural gas which is about 60% as fuel for hydrogen production can be replaced by 
heat from HTGR, so the natural gas can be totally used for raw material in SMR production. 
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Another principle of electrolysis being considered is the high temperature steam electrolysis 
(HTSE). The key to the HTSE process is operation at high temperature so as to reduce the 
electrochemical over voltage imposed at the electrodes. Operating temperatures in the range of 
800 to 1000 °C would offer the advantage of smaller specific electricity requirement than 
conventional electrolysis. Hydrogen can be also produced from splitting of water through 
various processes. Thermo-chemical water splitting is the conversion of water into hydrogen 
and oxygen by a series of thermally driven chemical reactions. Thermo-chemical water-
splitting cycles have been known for the past 35 years. They were extensively studied in the 
late 1970s and ‘80s, but have been of little interest in the past 10 years. 

High Temperature Gas Cooled Reactor (HTGR) type reactor is a nuclear reactor that operates 
at high temperature. This reactor used helium gas as a coolant medium and coolant outlet 
temperature reaches temperatures of up to 950 °C. High temperature gas-cooled reactors 
(HTGR) have a potential for cogeneration, especially to supply heat for hydrogen production 
process, coal gasification, etc. There is seemingly a challenge in the development of similar 
technologies to produce hydrogen by replacing heat from natural gas combustion with heat 
from hot helium from HTGR type reactor. 

Advantageous of nuclear heat application for hydrogen production by using SMR method is to 
reduce the fuel consumption to be used for the heating (more natural gas for raw material) and 
consequently less carbon dioxide emissions. 

This study will hopefully be useful to contribute feedback to stakeholders about nuclear heat 
source that can increase efficiency of ammonia and urea production as well as hydrogen as 
energy source in the future; 

This research will be focused on the pre-design of hydrogen production plant including the 
economic and technology aspects using steam reforming method; 

HEEP program will be used also as an analysis tool to analyse techno-economic aspects of 
steam–methane reforming method for hydrogen production in Indonesia and it is also intended 
to participate in the benchmarking of HEEP software. 

 

2. OUTCOMES 

This study will hopefully be useful to contribute feedback to stakeholder about nuclear heat 
source that can increasing efficiency of ammonia and urea production. 

3. OVERALL PLAN 

The overall plan is as follows: 

Review of literatures and field survey of SMR hydrogen plants; 

Development of a scheme of nuclear heat supply system for hydrogen production including 
mass and heat balances; 

Design concept of a nuclear heat primary reformer and hydrogen production system including 
economic and technology aspects using steam reforming method; 
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Analysis of hydrogen production cost estimate using HEEP software 

The programme of work will include the following: 

Selection of optimal distance between the reactor and the hydrogen production plant; 

Selection of lowest cost effective process for hydrogen transportation 

 

4. PROGRESS REPORT 

The study on Steam–Methane Reforming (SMR) Method for hydrogen production using 
nuclear heat is initiated by collecting and reviewing some references on SMR hydrogen plant 
to identify the process technology for hydrogen production from natural gas, developing 
scheme of nuclear heat supply system for hydrogen plant, design concept of a nuclear heat 
primary reformer and hydrogen production system and analysis of hydrogen production cost 
using HEEP. 

It was known from literature study that Haldor Topsoe has been used by many companies in 
Indonesia, i.e. Pupuk Kaltim Plant #3 and #4, Kaltim Pasific Ammonia, Kaltim Parna Industries 
and PT Medco Methanol Bunyu. A typical layout of a hydrogen plant based on steam reforming 
including the following steps: Natural gas feed is preheated in coils in the waste heat section of 
the reformer, and sulfur is removed over a zinc oxide catalyst. Process steam is added, and the 
mixture of natural gas and steam is further preheated before entering the tubular reformer. Here, 
conversion to equilibrium of hydrocarbons to hydrogen, carbon monoxide and carbon dioxide 
takes place over a nickel based reforming catalyst. The gas exits the reformer and is cooled by 
steam production before entering the shift converter, typically a high and low temperature shift. 
Over the shift catalyst more hydrogen is produced by converting carbon monoxide and steam 
to carbon dioxide and hydrogen. The shifted gas is cooled further to ambient temperature before 
entering the Pressure Swing Adsorption (PSA) unit. High purity hydrogen product is obtained, 
and the off-gas from the PSA unit is transferred to gas recovery unit. In this study original 
tubular reformer from Haldor Topsoe is replaced by fixed bed multitubes reactor (chemical 
reactor) to accommodate application of helium as chemical process heating medium. Ratio of 
natural gas used for hydrogen production are 40% as raw material and 60% as fuel. Therefore, 
by replacing natural gas as fuel with nuclear heat, it will save natural gas reserves. 

Review of literatures has also showed a description for steam–methane reforming plants, in 
which steam reforming is a method that has been used commercially for the production of 
hydrogen. Hydrogen production by steam reforming reaction is generally comprised of 
reforming reaction, CO shift reaction and product purification. The steam reforming reactions 
that take place in primary reformer are as follows: 

CH4 + H2O  ↔ CO + 3H2  ΔH298 = 206.2 kJ/mol      

  CO + H2O  ↔ CO2+ H2  ΔH298 = –41.1 kJ/mol      

  CH4 + 2H2O ↔ CO2 + 4H2  ΔH298 = 164.9 kJ/mol      

Steam reforming is a process of thermal decomposition. The process occurs through a reaction 
of natural gas (methane) and steam at high temperature (~800 °C), and has a thermal efficiency 
of about 70%. Natural gas is a fossil fuel, and its composition can be seen in Table 1 where the 
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main ingredient is methane (CH4), which is a short-chain hydrocarbon molecules and light. In 
addition, natural gas molecules also contain heavier hydrocarbons such as ethane (C2H6), 
propane (C3H8) and butane (C4H10). Steam reforming process flow diagram by using nuclear 
heat can be seen in Fig. 1. 

TABLE 1. PRIMARY REFORMER CATALYST DATA 

Catalyst supplier Topsoe 

Catalyst type R-67-R/R-67 

Material NiO 

Configuration Ring/Ring 

Size (Dp) (outer dia × inner dia × height) 16 mm × 8 mm × 16 mm 

Diameter 9,6 mm 

Bulk density 1.030 / 1.060 kg/m3 

Operation temperature 500 – 900 °C 

Catalyst life 3 – 5 a 

Number of catalyst 30% / 70% 

 

 

 

FIG. 1.  Schematic diagram of nuclear heat supply for hydrogen plant. 

The preliminary design of the nuclear heat supply scheme for hydrogen production includes 
mass balance and heat balance and process flow chart that comes with the operating conditions 
in accordance with the licensing process of Haldor Topsoe. The plant is planned to be 
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established in Bontang, East Kalimantan, with a land area of 5 hectares and employs 206 
employees. 

4.2. Design concept of a nuclear heat primary reformer and hydrogen production system 
including economic and technology aspects using steam reforming method —  
Hydrogen production plant by using steam reforming process 

Primary reformer serves to make the steam reforming process of natural gas to obtain H2 gas. 
The reactions that occur in the primary reformer are as follows: 

CH4 + H2O  ↔ CO + 3H2  ΔH298 = 206.2 kJ/mol        (1) 

CO + H2O  ↔ CO2+ H2  ΔH298 = –41.1 kJ/mol        (2) 

CH4 + 2H2O ↔ CO2 + 4H2  ΔH298 = 164.9 kJ/mol        (3) 

From the reaction mechanism above shows that the combined reactions of Eq.(1) and Eq.(2) 
has a standard enthalpy change is positive value (ΔH298 = 164.9 kJ/mol) which means that the 
reaction is endotermis. 

Hydrogen industry using steam reforming process consists of three (3) main process, namely 
steam reforming, shift reaction, and purification (Fig. 2). Steam reforming is used to reacting 
water vapor (H2O) and natural gas into a synthetic gas (CO, CO2, H2, H2O). The heat of reaction 
is supplied by burning natural gas in primary reformer shaped furnace. Shift reaction serves to 
increasing the conversion products H2 and CO2 by reacting CO with residual moisture in the 
synthetic gas into 2 (two) reactors types, namely High Temperature Shift (HTS) reactor and 
Low Temperature Shift (LTS) reactor. The last stage is the purification of the main product that 
serves to separate the H2 and CO2. 

 

 

 

FIG 2. Flow diagram of the hydrogen plant with steam reforming process. 
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4.3. Design concept of a nuclear heat primary reformer for hydrogen production plant coupled 
with HTGR type nuclear power plants 

At the hydrogen plant coupled with NPP HTGR, stage of the process is the same as the currently 
existing processes. The difference is in the stage of steam reforming. Steam reforming reaction 
is an endothermic reaction. This reaction is highly dependent on the supply of heat that will 
increase conversion and reaction rates. In terms of the type of heating medium used in the form 
of hot helium gas, the high operating pressure and flow type of plug flow in the tube containing 
the catalyst, therefore the appropriate chemical reactor is a tubular reactor types/ pipeline with 
shell and tube shapes commonly called Fixed Bed Reactor Multitube (Fig. 3). 

 

 

FIG. 3. Flow diagram of the hydrogen plant with steam reforming process that is coupled with HTGR 
NPP. 

 

Data and mechanical design of primary reformer: 

Pre-design is based on hydrogen production of 150 000 t/a (with a natural gas feed rate of 67.5 
kg/s), secondary data of physical and chemical properties and operating conditions based on 
the Chemical Properties Handbook, PT.Pupuk Kaltim dan Topsoe.com. 

While the heating medium of primary reformer reactor is helium gas from an HTGR nuclear 
reactor by 900 °C temperature and at a rate of 92.94 kg/s. 

In the design of chemical reactors has used Fixed Bed Multitube reactor type (Fig. 4) because 
this is very appropriate for the reaction gases with the solid catalyst. The flow of natural gas 
and water vapor was added to the tube containing the solid catalyst NiO because this process 
requires a larger reaction pressure (3.85 MPa) compared with the pressure helium gas heaters 
(3.5 MPa). To get a good heat transfer between the mixture of natural gas and water vapor with 
the flow in tube dan helium shell is made by dividing the turbulent flow of a mixture of natural 



 

224 

 

gas and water vapor into 779 pieces of tube so getting a high mass flow rate, and the 
composition of tube form triangular pitch that will make the flow of helium gas inside the shell 
is turbulence. Tube-type ASTM specification HH 30 with NPS 3.5 Sch 40 ST 40S to 
accommodate high temperature and pressure. Meanwhile, to facilitate the replacement 
periodically of the catalyst and tube, so it was chosen shell with bundle of split ring type floating 
head. To ensure strength of shell, it was used steel alloy which is a mixture of iron, 1% Cr and 
½ Mo that is SA 301 type steel alloy, B grade. For high pressure has used head type of elliptical 
dished head. Helium channels are divided into two pipe so that the pipe size is not too big which 
can damage the tube bundle and the inclusion of helium to be more evenly distributed. The 
result of study is shown in Table 3 as primary reformer specification. 

 

TABLE 2. GAS COMPOSITION OF PRIMARY REFORMER 

Composition Molecular weight 
(kg/mol) 

In 
(kg/jam) 

Out 
(kg/jam) 

CH4 16.04 38 009.82 19 566.39 

C2H6 30.07 4595.24 0.00 

C3H8 44.10 3594.04 0.00 

C4H10 58.12 904.69 0.00 

CO 28.01 0.00 25 447.87 

CO2 44.01 7634.78 52 671.59 

H2O 18.02 185 667.48 132 428.87 

H2 2.02 0.00 12 743.83 

H2S 34.08 0.00 0.00 

O2 32.00 0.00 0.00 

ISOBU-01 58.12 1019.83 0.00 

N-PEN-01 72.15 428.79 0.00 

2-MET-01 72.15 285.86 0.00 

N-HEX-01 86.18 292.66 0.00 

N-HEP-01 100.20 425.37 0.00 

N2 28.01 63.42 63.42 
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TABLE 3. PRIMARY REFORMER SPECIFICATIONS 

Reactor type Fixed bed multitube by using helium gas with 
rate 93 kg/s as heating fluid of HTGR reactor 

Function Reacting 57 437.52 kg /h of natural gas with 
185 474.68 t/h of steam into 12 743.83 kg/h of 
hydrogen gas 

Mechanical design 

Tube 
 Inner diameter (m) 
 Outer diameter (m) 
 Number of tubes 
 Configuration 
 Pitch 
 Material 

NPS 3,5 Sch 40 ST 40S  
0.0873  
0.1016  
849  
Triangular pitch  
1.25 × OD  
ASTM HH 30 

Shell 
 Type of bundle 
 Inner diameter (m) 
 Thickness (m) 
 Height of catalyst (m) 
 Height (m) 
 Material 

 
Split ring floating head  
4.195  
0.0826  
17.6  
17.891  
Steel alloy SA 301 Grade B 

Baffle 
 Baffle spacing (m) 
 Number of baffles 

 
1.956 
8 

Head 
 Type 
 Thickness 
 Material 

 
Elliptical dished head  
0.0984  
Steel alloy SA 301 Grade B 

In and out pipeline of reactor 
 Natural gas pipe (in) 
 Natural gas pipe (out) 
 Helium gas pipe (in) 
 Helium gas pipe (out) 

 
NPS 24 Sch 60, bahan: SA-213 Grade T11 
NPS 30 Sch 30, bahan : SA-335 Grade P22 
NPS 42 XS, bahan : SA-335 Grade P22 
NPS 42 XS, bahan : SA-213 Grade T11 
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4.4. Economic analysis of hydrogen production by using steam reforming method 

Hydrogen plant has designed by production capacity of 150 000 t/a (purity: 99.99%) in which 
the process heat is supplied by 193 MW(th) HTGR nuclear type with a capacity of 600 MW(th) 
(3 × 200 MW(th)). Besides that, it takes HP steam (11.0 MPa, 475 °C) as much as 92 000 kg/h, 
MP steam (3.8 MPa, 375 °C) of 207 871 kg/h, saturated steam (0.126 MPa) of 190 820 kg/h, 
water cooling as much as 107 959 kg/h, the water as much as 95 288 kg/h, 0.86 MW electricity 
demand, and compressed air as much as 184.8 m3/h. Hydrogen production begins with inlet 
streams of natural gas (NG) and steam. The natural gas feed from PT Pertamina Gas, a State-
owned oil & gas company is first passed through a desulfurizer and then mixed with the steam 
feed. This mixed stream, then passes through a heat exchanger where it is heated to a 
temperature of 530 °C. From here the primary reformer inlet stream enters the modified primary 
reformer (fixed bed multitubes chemical reactors) and secondary reformer (conventional). From 
the secondary reformer, it passes through a high temperature shift converter, low temperature 
shift converter and PSA unit. For this project, process is assumed to operate ideally at 
equilibrium condition. 

 

A. Natural gas inlet pipe 
B. Helium gas outlet pipe 
C. Baffle 
D. Shell 
E. Configuration of tube in `Triangular pitch` 
F. Tube 
G. Helium gas inlet pipe 
Hh. Height of head primary reformer 
Hs. Height of shell 
I. Product/synthetis gas outlet pipe 

FIG. 4. Primary reformer by using helium gas from HTGR reactor as heating fluid. 

 

While feasibility study on economics of the steam reforming method for hydrogen production 
using nuclear heat is intended to determine the cost needed to realize the construction of a 
hydrogen plant through steam reforming process that dicouple with 600 MW (3×200 MW(th)) 
nuclear power plant. There are a number of costs required to construct and operate a plant, 
beside of operating costs and installation cost. Selection criterias intended to stand-alone 
projects and the results are as follows: 
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Direct production costs, typically about 60% of the total production cost. It includes the 
following cost components: 

Raw material (10–50% of production cost); 

Utilities (10–20% of production cost); 

Operations inventory (10–20% of maintanance cost, or 0.5% – 1% of the fixed capital 
investment); 

Labor cost (10–20% of production cost); 

Supervisi langsung (10–25% of labor cost); 

Laboratory cost (10–20% of labor cost); 

Patent dan Royalties (0–6% of production cost) 

Cost / fixed charges (approximately 10–20% of the total cost of production). It includes the 
following cost components: 

Depreciation / depreciation (about 10% of the fixed capital investment); 

Local taxes (about 1–4% of fixed capital investment); 

Insurance (about 0.4–1% of fixed capital investment); 

Lease cost (rental buildings, land, etc.). 

Interest cost (approximately 0–7% of fixed capital investment) 

Plant overhead (about 50–70% of labor, supervision, and maintanance cost, or about 5–15% of 
the total of production cost). Components of plant overhead costs include: of costs of 
maintaining the plant remains in operation, salaries, packing cost, medical care, safety and 
protection, canteen, recreation, laboratories and storage facilities. 

Results of calculation is obtained that hydrogen cost about 1.26 US $/kg and it will be obtained: 
IRR = 36.44%. 

4.4.1. Pay-back period 

Pay-back period is the period of time required to return of the investment, and is calculated 
from net cash flow. Net cash flow is the difference between revenue (revenue) against expenses 
(expenses) per year. Payback period can be formulated as follows: 

Return period = Cf / A 

where Cf is the cost of first investment, and A is the net cash flow per year. 

If the annual net cash flow is not the same, it can be used net cash flow on average over the life 
of the plant (20 years period). From calculation, the amount of net cash flow each year for 20 
years is at 1 995 290 000 US $, and the net cash flow average is 99 764 500 US $. 
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periodbackPay 178.1

/%50076499

$100533117cos





  

4.4.2. Return on investment 

Return on investment (ROI) of the hydrogen plant can be calculated from the ratio of revenue 
(income) per year with the investment funds used. The formula is as follows: 

%100
Re


Investment

venue
ROI  

Several variations of the formula for calculating ROI can be expressed as follows: 

ROI = Net income before tax / First investation × 100%       (1) 

  ROI = Net income before tax / Average investation × 100%     (2) 

  ROI = Net income after tax / Average investation × 100%      (3) 

For evaluation purposes, will use the formula (3) above and the cash flow summary of the data 
attachment 1, 2, 3 and 4, for an average net income for 20 years. (): 63 814 million, and the 
total capital investment is 117 533 100 US $ (see attached calculation profitability analysis: 

%3.54%100
100533117

00081463
ROI  

4.4.3. Business profitability 

Based on the results of the calculation program “PROFITABILITY ANALYSIS-1.1.xls” 
compiled by Holger Nickkich (2003) (see attachment 1, 2, 3, and 4), with the assumption that 
by 2013 plant operating at 50% capacity, in 2014 at 75% and by 100% in 2015, then from the 
calculations outlined in the Cash Flow Summary, the plant will generate income from the first 
year (Th 2013) amounted to 17 530 000 US $. In the second year (2014) factory produce income 
34 061 000 US $. And in year 20 (2032) plant to generate profits 142 352 300 US $. And 
accumulation profit in 2032 (5% inflation factor has been included in the calculation) is 
1 772 191 400 US $. 

 4.4.4. Net present value (NPV) 

Analysis of net present value is based on the concept of discounting all cash flows to present 
value. By discounting all cash flows in and out during the life of the plant to the current value 
will be known the difference by using the same basis, the price (market) at this time. The results 
obtained Cumulative summary cash flow Net Present Value (NPV) at the 15% capital cost of 
207 510 000 US $ which shows a positive value, meaning hydrogen plant capacity of 150 000 
t/a worth to established. shown in Fig. 5, NPV versus year of production on 15% of capital cost 
as follows. 



 

229 

 

 

FIG. 5. Cumulative summary cash flow Net Present Value. 

 

4.4.5. Internal rate of return (IRR) 

An analysis that could explain whether the hydrogen plant having a capacity of 150 000 t/a is 
interesting, can be seen from internal rate of return (IRR). In the calculation, the Internal Rate 
of Return (IRR), can be referred to as Investors Rate of Return. Profitability calculations derived 
from attachment IRR value of 36.44% 

4.4.6. Index profitability 

Another variation to determine the project is feasible or not by using the profitability index. 
That is a way to determine the ability of profitable per unit value of the investment. The formula 
for determining the Profitability Index is as follows: 

outflowscashofvaluepresent

lowscashofvaluepresent
indexyofitabilit

inf
Pr   

What is meant by the present value of cash inflows is the sum of all net cash flow to finish the 
project with the calculated value is the present value. While the present value of cash flow is 
the value of the initial investment used to build hydrogen plant. 

Profitability index is calculated and tabulated in Table 4. 
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TABLE 4. CALCULATION OF PROFITABILITY INDEX 

No. Cash flow 
(net/a) 

Compound of 
interest (15%/a) 

Present value of 
cash 

Initial 
investment 

Profitability 
index 

1 23 404 400 0.8696 20 352 466.24 117 533 100 3.80 

2 44 633 300 0.7561 33 747 238.13   

3 65 237 200 0.6575 42 893 459.   

4 67 716 800 0.5718 38 720 466.24   

5 70 477 600 0.4972 35 041 462.72   

6 73 499 300 0.4323 31 773 747.39   

7 76 915 900 0.3759 28 912 686.81   

8 80 690 500 0.3269 26 377 724.45   

9 84 656 000 0.2843 24067700.8   

10 88 815 500 0.2149 19 086 450.95   

11 92 474 400 0.2149 19 872 748.56   

12 96 349 600 0.1869 18 007 740.24   

13 101 167 100 0.1625 16 439 653.75   

14 106 225 500 0.1413 15 009 663.15   

15 111 536 700 0.1229 13 707 860.43   

16 117 113 600 0.1069 12 519 443.84   

17 122 969 300 0.0929 11 423 847.97   

18 129 117 700 0.0808 10 432 710.16   

19 135 573 600 0.0702 9 517 266.72   

20 306 716 000 0.0611 18 740 347.6   

  Total: 446 644 685.2   
 
 

80.3
100533117

2.685644446
Pr indexyofitabilit  

Value Index Profitability > 1, Construction Project Hydrogen Plant capacity 150 000 t/a is 
interesting to build. 

4.4.7. Benefit cost ratio (BCR) 

To determine the feasibility to build a hydrogen plant capacity of 150 000 t/a, other criteria used 
are Benefit Cost Ratio. Benefit cost ratio formula is as follows: 

 
 CPV

BPV

tsvaluepresent

benefitsofvaluepresent
BCR 

cos
 

When C in the formula above is considered as the initial investment cost (Cf), then the formula 
becomes: 
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Cf

BPV
BCR   

where BCR is the benefit cost ratio or the ratio of benefits to costs; (PV) B is the current value 
benefit; and (PV) C is the present value costs. 

For private projects, generally in the form of benefit minus cost of revenue excluding the cost 
of the first, e.g. for operating and production, so the formula becomes: 

   
Cf

opCR
BCR


  

where R is the present value of income; (C) op is the present value cost (excluding the cost of 
the first); and Cf is the first cost of investment. 

BCR calculations is shown in Table 5. 

TABLE 5. BENEFIT COST RATIO CALCULATION 

Year Gross 
income (US 
$) 

Production 
cost  
(US $) 

Net income 
(US $) 

Compound 
interest 
(15%) 

Present value 
(US $) 

Initial 
investment 
cost (US $) 

1 114 865 300 81 165 000 33 700 300 0.8696 29 305 780.88 117 533 100 

2 180 912 900 116 275 500 64 637 400 0.7561 48 872 338.14  

3 253 278 100 154 694 200 98 583 900 0.6575 64 818 914.25  

4 265 942 000 162 428 900 103 513 100 0.5718 59 188 790.58  

5 279 239 100 170 550 300 108 688 800 0.4972 54 040 071.36  

6 293 201 000 179 077 800 114 123 200 0.4323 49 335 459.36  

7 307 861 100 188 031 800 119 829 300 0.3759 45 043 833.87  

8 323 254 100 197 433 400 125 820 700 0.3269 41 130 786.83  

9 339 416 800 207 305 000 132 111 800 0.2843 37 559 384.74  

10 356 387 700 217 670 200 138 717 500 0.2149 29 810 390.75  

11 374 207 100 228 553 800 145 653 300 0.2149 31 300 894.17  

12 392 917 400 239 981 500 152 935 900 0.1869 28 583 719.71  

13 412 563 300 251 980 600 160 582 700 0.1625 26 094 688.75  

14 433 191 500 264 579 600 168 611 900 0.1413 23 824 861.47  

15 454 851 000 277 808 600 177 042 400 0.1229 21 758 510.96  

16 477 593 600 291 699 000 185 894 600 0.1069 19 872 132.74  

17 501 473 300 306 283 900 195 189 400 0.0929 18 133 095.26  

18 526 546 900 321 598 100 204 948 800 0.0808 16 559 863.04  

19 552 874 300 337 678 100 215 196 200 0.0702 15 106 773.24  

20 580 518 000 354 562 000 225 956 000 0.0611 29 305 780.88  

Present value total: 660 340 290.1  
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If the value of BCR > 1, then the hydrogen plant construction project capacity of 150 000 t/a is 
feasible to be done, but if the price of BCR < 1, the construction of hydrogen plant is not feasible 
to be done. 

 
  

162.5
100533117

1.290340660





Cf

opCR
BCR  

Because the value of BCR is > 1, hydrogen plant project having capacity of 150 000 t/a, will 
provide benefits and feasible to be built. 

Indication of parameters can give description that project can give advantegous and feasible to 
be continue. 

5. RESULT OF ECONOMIC ANALYSIS BY USING HEEP (HYDROGEN ECONOMIC 
EVALUATION PROGRAMME) 

5.1. Input data 

Using HTRK600 in the library of HEEP software as Energy source 

5.2. Results of calculations by using HEEP software 

 

 

H2 cost:    0.1 US $ 
  Nuclear power plant: 0.06 US $ (57.82%) 
  H2 generation plant:  0.04 US $ (35.39%) 
  H2 transportation:   0.01 US $ (6.79%) 

FIG. 6. HEEP results HTRK600. 

 

Comparison of hydrogen cost that results from calculation by using program 'PROFITABILITY 
ANALYSIS -1.1. Xls "compiled by Holger Nickkich (2003) and by using HEEP is obtained 
that hydrogen cost by using 'PROFITABILITY ANALYSIS -1.1. Xls " is 1.26 US $ and 
calculated results by using HEEP software showed that the hydrogen cost is about 0.1 US $. 

While, data input for hydrogen generation plant is same even for 'PROFITABILITY 
ANALYSIS -1.1. Xls " and HEEP program. 
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TABLE 6. HEEP INPUT DATA FOR HTRK600 

Nuclear plant  
Thermal rating (MW(th)/unit) 600 
Heat for H2 plant (MW(th)) 450 
Electric (MW(e)/unit) 0 
Number of units 1 
Initial fuel load (kg/unit) 100 000 
Annual fuel load (kg/unit) 100 000 
Capital cost (US $/unit) 5000 × 600 
Capital cost fraction for electric 0 
Fuel cost (US $/kg) 250 
O&M cost (% of CC) 7 
Decommissioning cost (% of CC) 10 
Hydrogen production plant  
H2 Generation per unit (kg/a)  150 000 000 
Heat consumption (MW(th)/ unit) 128.25 
Electricity required 0.86 
Number of units 1 
Capital cost (US $/kg-H2) 0.8 
Energy usage cost 0 
O&M (% of CC) 6 
Decommissioning cost (% of CC) 10 
H2 Transport  
Distance (km) 0.5 
Capital cost (US $) 8.9E+7 
Electric charge (US $) 6.2E+6 
O&M (% of CC) 1 
Decommissioning cost (% of CC) 1 
Financial parameters  
Discount rate (%) 5 
Interest rate (%) 10 
Inflation rate (%) 1 
Tax rate (%) 10 
Depreciation rate (a) 20 
Construction period (a) 5 
Operating period (a) 40 
Equity (%) : Debt (%) 70 : 30 

 

The difference for calculation results can caused by difference for part of data input of power 
plant parameters. 

6. SELECTION OF OPTIMAL DISTANCE BETWEEN THE REACTOR AND THE 
HYDROGEN PRODUCTION PLANT 

Before determining a safe distance between the NPP and the hydrogen plant, first will discuss 
about the characteristics of the materials which become the raw material for hydrogen 
production and hydrogen product. 
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6.1. Raw material characteristics 

In the steam reforming process, endothermic reaction is occur between natural gas (methane) 
and steam with a nickel oxide (NiO) catalyst. Reactions were done in primary and secondary 
reformer whose purpose to enhance the reaction. Primary reformer inlet temperature 530–
650 °C and 770–811 °C out, the pressure of 35–40 kg/cm2. Secondary reformer inlet 
temperature 520–560 °C and out 920–1050 °C, pressure 35 kg/cm2 [8]. The reaction is as 
follows: 

         CH4 + H2O ↔ CO + 3H2          

  CO + H2O  ↔ CO2+ H2          

The second reaction is the shift reaction which is an exothermic reaction, and is used to improve 
the H2 content. 

High-temperature heat required in these reactions can be supplied from the HTGR reactor. 
HTGR coolant temperature, out of the reactor core around 950 °C, is transferred to the hydrogen 
plant using intermediate heat exchanger (Intermediate Heat Exchanger / IHX). Raw material is 
methane (CH4) and the product is hydrogen gas (H2), which are flammable composition in 
certain circumstances. Although carbon monoxide (CO) is not an end product, but CO is formed 
in the reformer primary and secondary, which is a mixture of syngas (reaction 1). Furthermore, 
CO is formed do shift reaction (reaction 2), the CO concentration of about 12 to 14.5 

Liquefied natural gas (LNG) is natural gas (predominantly methane, CH4) that has been 
converted to liquid form for ease of storage or transport. It takes up about 1/600th the volume 
of natural gas in the gaseous state. It is odorless, colorless, non-toxic and non-corrosive. 
Hazards include flammability after vaporization into a gaseous state, freezing and asphyxia. 
The liquefaction process involves removal of certain components, such as dust, acid gases, 
helium, water and heavy hydrocarbons, which could cause difficulty downstream. The natural 
gas is then condensed into a liquid at close to atmospheric pressure by cooling it to 
approximately −162 °C (−260 °F); maximum transport pressure is set at around 25 kPa (4 psi). 
LNG achieves a higher reduction in volume than compressed natural gas (CNG) so that the 
(volumetric) energy density of LNG is 2.4 times greater than that of CNG or 60% of that of 
diesel fuel. This makes LNG cost efficient to transport over long distances where pipelines do 
not exist. Specially designed cryogenic sea vessels (LNG carriers) or cryogenic road tankers 
are used for its transport. LNG is principally used for transporting natural gas to markets, where 
it is re-gasified and distributed as pipeline natural gas. It can be used in natural gas vehicles, 
although it is more common to design vehicles to use compressed natural gas. Its relatively high 
cost of production and the need to store it in expensive cryogenic tanks have hindered 
widespread commercial use. 

6.2. Characteristics of methane gas 

Methane gas properties are colorless, odorless, tasteless, non-toxic and non-acid. Methane is 
flammable and it can react with oxidizing agents (oxidizer) and halogen gases. Methane gas at 
normal conditions is lighter than air, and if released into the air will mix easily because of 
diffusion. A mixture of methane and air, at a concentration of 6.3%–13.5% by volume, will 
cause an explosion. The pressure changes or inert gas addition to methane gas will produce a 
certain effect. Pressure increase will increase gas flammability. Addition of as much as 24% 
CO2 fraction or N2 as much as 38% in the methane–air mixture, reduce the ease of burning 
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properties. Methane gas when burned will produce carbon dioxide and water, the reaction is as 
follows: 

CH4 + 2O2  ↔ CO2 + 2H2O         

Methane is typically stored in tanks, high pressure tube design with a strong tank. Leakage of 
methane gas tank would be very dangerous because the gas has a highly flammable nature. 
Burning velocity of methane gas at normal ambient 0.36 m/s and increased to 3.2 m/s in a pure 
oxygen environment. 

6.3. Characteristics of hydrogen gas 

Hydrogen gas properties are colorless, odorless, tasteless, non-toxic and non-acid. Hydrogen is 
a flammable gas, which can explode in the presence of air at atmospheric pressure, especially 
in a confined space. The most important properties is the threshold value for flammabilty and 
explosion in the air. In the absence of sufficient amounts of oxygen, fire / hydrogen explosion 
will not occur. So fire/explosion would occur if there were hydrogen as a fuel, oxygen as 
oxidizer and ignition temperature. Value range is the flammability of hydrogen gas at a 
concentration of 4–75% by volume in air. Combustion velocity in air is 3.2 m/s and increased 
to 18.6 m/s in pure oxygen. Hydrogen gas mixture with air at a concentration range of 18.3 to 
59.0% by volume, will cause an explosion. 

6.4. Safety distance between hydrogen plant by high temperature gas reactor 

In the hydrogen production process by using nuclear heat have potentially dangerous event. 
Undesirable events when handling hydrogen production process either raw materials or 
products, the harmful effects can vary, depending on operating conditions and environment. 
Leakage of hydrogen gas, methane and carbon monoxide in a certain amount can lead to the 
initiation of the fire (ignition) on the inside of the building / buildings. In the event of a leak of 
hydrogen and methane gas, it can cause an explosion. Pressurized piping system used as well 
the construction of the hydrogen plant or at the connection to the reactor, if cracked, or broken 
will cause a shock wave due to the dynamic pressure of the pipe to the surrounding environment. 
Safety design requirements in integrating HTGR the hydrogen plant is shown in Table 7. 

In integrating HTGR tipe reactor with hydrogen plant should pay attention to the safety aspect. 
Integration of nuclear systems and chemical systems (hydrogen plant) is through the IHX 
(Intermediate Heat Exchanger), so that the secondary helium flow is directly in contact with the 
hydrogen plant. Because of this direct interaction it is possible there is a leak in the event of a 
pipe cracking. 

In the event of cracking the pipe, then the feed gas or gas plant products of hydrogen can enter 
the helium cooling and allows the accumulation in the reactor, so it will lead to a fire / explosion 
that could endanger the reactor. Therefore, it must be prevented their crack pipe. 

In addition, the possibility of fire and explosion due to leakage of methane gas feedstock and 
product hydrogen gas must be anticipated. Fires and explosions resulting from the leakage of 
flammable gases such as methane and hydrogen has an impact on damage to reactor 
components. Therefore, the storage and handling of these gases should be designed at a high 
level of safety. 
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TABLE 7. SAFETY DESIGN REQUIREMENTS OF COUPLING FOR HTGR REACTOR AND 
HYDROGEN PRODUCTION PLANT 

Operation condition Event Safety requirements Solution 

Normal operation 
Tritium migration from 
HTGR core to H2 gas 

Reduction of tritium 
radiation level on gas 
product 

Limitation of tritium 
permeation on tube 
reformer wall 

Anticipation of 
operational event 

Thermal turbulancy 
Protection of thermal 
turbulancy in the primary 
loop of helium coolant 

Mitigation on 
temperature change in 
the secondary helium 
flow by using steam 
generator on the down 
stream flow 

Accident 
Fire/ explosion of 
combustable gas leakage 

Leakage protection on 
the inside of reactor 
building 

To upgrade the helium 
pipe and tube reformer 
design 

Mitigation of accident 
consequency 

Determination of safe 
distance 

 

It is need the distances of reactor and the hydrogen plant, however it need to determine the safe 
distance is one of the safety barrier between the reactor and the hydrogen plant. Safe distance 
is the distance between the location requirements of gas leaks that caused fires, heat, pressure 
waves due to the target ignition protected. With a certain distance, the hydrogen production 
process safety and operational safety of the reactor is assured. Based USNRC, Regulatory 
Guide 1.91 set that structures, systems, and safety-related components designed to withstand 
wind loads of large and also have resistance to at least 7 kPa pressure caused by the explosion. 
Determining a safe distance to follow the equation: 

3/1WkR                 (3) 

where R is a safe distance (m), k is a factor that depends on the protected buildings, while W is 
the mass of TNT (equivalent) [kg] of the exploding material. In the relationship k = 2.5 to 8 for 
the building work, 22 for residential buildings and 200 for buildings that do no harm. 

Based on above aquation and if it is assumed that HTGRK600 coupled to hydrogen plant 
produce hydrogen gas of 150 000 000 kg/a, resulting about 12 500 tonnes hydrogen gas in a 
one-month. The number of these products will be stored in storage tank. In the system of 
HTGRK600 integrated with the process of steam reforming hydrogen production, storage tank 
400 m3 for USNRC based equivalent to 1859 tonnes of TNT equivalent [9]. So if it is assumed 
that the hydrogen plant using storage tanks of 400 000 m3 (equivalent to 1.859 million tonnes 
of TNT) on the basis of Eq. (3), namely: 

3/1WkR   

As mentioned k is a factor that depends on the protected buildings, so as included in the category 
of building work then k is 8. Therefore, the minimum safe distance can be calculated: 

mR 67.98318590008 3/1   
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So the minimum safe distance required is 983.672 m, so the distance of 1 km is a safe distance. 
In the USA, it is judged according to the US-AEC Regulatory Guide 1.91 that structures, 
systems, and components important to safety and designed for high wind loads are also capable 
of withstanding pressure peaks of at least 7 kPa resulting from explosions. No additional 
measures need to be taken, if the equation 

3/118 WR   

is met, where R is the safety distance [m] from an exploding charge and W is the mass of TNT 
(equivalent) [kg] of the exploding material. For the LNG storage tank of the HTTR/SR system, 
the 400 m3 of LNG correspond to a mass of 169 tonnes of LNG, and this to a TNT equivalent 
of 1859 tonnes which then translate into a safety distance of as long as 2.2 km. 

7. CONCLUSION 

Result of this study concluded that steam–methane reforming method is one of hydrogen 
production process that comercially used at fertilizer industry in Indonesia and it was one of 
hydrogen production process which can be coupled with a HTGR type reactor. Ratio of natural 
gas used for hydrogen production are 40% as raw material and 60% as fuel. Therefore, by 
replacing natural gas as fuel with nuclear heat, it will save natural gas reserves. In order to 
coupling a HTGR with hydrogen production installation, several components are needed, such 
as: IHX (Intermediate Heat Exchanger, the main component), ACS (Auxiliary Cooling 
System), purity helium and volume control system, several cooling system and compressor, 
temperature and pressure control system, helium flow control system and additional safety 
requirements for hydrogen production with nuclear heat. Pre-design is based on hydrogen 
production of 150 000 t/a (purity: 99.99%) in which the process heat needs is supplied by 
193 MW(th) HTGR nuclear type with a capacity of 600 MW(th) (3×200 MW(th)) and by 
natural gas feed rate of 67.5 kg/s), secondary data of physical and chemical properties and 
operating conditions based on the Chemical Properties Handbook, PT.Pupuk Kaltim dan 
Topsoe.com. In Economic analysis view of point, and based on the results of the calculation 
program “PROFITABILITY ANALYSIS-1.1.xls" compiled by Holger Nickkich (2003) (see 
attachment 1, 2, 3, and 4), with the assumption that by 2013 plant operating at 50% capacity, 
in 2014 at 75% and by 100% in 2015, then from the calculations outlined in the Cash Flow 
Summary, the plant will generate income from the first year (Th 2013) amounted to 17 530 000 
US $. In the second year (2014) factory produce income 34 061 000 US $. And in year 20 (2032 
th) plant to generate profits 142 352 300 US $. And accumulation profit in 2032 (5% inflation 
factor has been included in the calculation) is 1 772 191 400 US $. Internal Rate of return = 
IRR, An analysis that could explain whether the hydrogen plant having a capacity of 150 000 
t/a is interesting, can be seen from internal rate of return (IRR). In the calculation, the Internal 
Rate of Return (IRR), can be referred to as Investors Rate of Return. Profitability calculations 
derived from attachment IRR value of 36.44%. Result of the calculation showed that because 
the value of Benefit Cost Ratio (BCR) > 1, Hydrogen plant Project having capacity of 150 000 
t/a, will provide benefits and feasible to be built. 

Indication of parameters can give description that project can give advantegous and feasible to 
be continue. 

Comparation of hydrogen cost that results from calculation by using program 
'PROFITABILITY ANALYSIS -1.1. Xls "compiled by Holger Nickkich (2003) and by using 
HEEP is obtained that hydrogen cost by using 'PROFITABILITY ANALYSIS -1.1.xls " is 1.26 
US $, and calculated results by using HEEP software showed that the hydrogen cost is about 
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0.1 US $. While, data input for hydrogen generation plant is same even for 'PROFITABILITY 
ANALYSIS -1.1.xls " and HEEP program. 

The difference for calculation results may caused by difference for part of data input of power 
plant parameters. In accordance with safety distance between Hydrogen Plant by High 
Temperature Gas Reactor, the minimum safe distance required is 983.672 m, so the distance of 
1 km is a safe distance. 
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1. INTRODUCTION 

The horizon of hydrogen economy is rising rapidly. The enabling technologies of hydrogen 
production, transportation, distribution and application are advancing or have entered 
marketplaces in many countries. The CSIs of the participating Member States in the CRP have 
reported on encouraging results of the relevant development and deployment progress. 

In Japan, JAEA led the national development of GTHTR300C, a Generation-IV very high 
temperature reactor system (VHTR), for large-scale nuclear hydrogen production. The current 
roadmap envisions the construction of the prototype reactor in 2030. While JAEA selects the 
thermochemical water-splitting as the choice of technology for hydrogen production, the New 
Energy and Industrial Technology Development Organization (NEDO) has since 2006 teamed 
with Toshiba Corporation in the development for high temperature steam electrolysis (HTSE). 
The NEDO program has successfully demonstrated the production scale of 50 Nm3/h from 
using a 700 °C SOEC system. The next milestone is commercialization of a 4 MW, 2000 Nm3/h 
production and storage unit by 2020. Like the S–I process, the HTSE can be supplied with the 
electricity and high-temperature heat produced in a VHTR. 

The transportation technologies including compressed gas, liquefaction and organic chemical 
hydride have entered the early phase of commercialization in Japan. Marketing of hydrogen 
FCVs started in 2015. The number of FCVs is expected to reach 150 000 by 2020 and 5 000 000 
by 2030 on Japan’s roads [1]. The number of hydrogen filling stations needed for the FCVs will 
reach 3500 with a total hydrogen demand of 5.6×109 Nm3/year (500 000 t/a) in 2030. About 25 
units of GTHTR300C reactor would be needed to meet the corresponding demand for hydrogen 
fuel. 

With the worldwide commitment made to CO2 reduction — in 2012, for instance, Japanese 
government has pledged to cut CO2 emission to 25% below 2005 level by 2030 and 80% by 
2050 — nuclear energy is increasingly recognized as an important safe, secure, economical, 
CO2 emission free energy source. Currently, nuclear energy is considered worldwide for a wide 
range of non-electric applications for the industry and transportation sectors, mostly through 
hydrogen production. This CRP aims to assist Member States in examining the techno-
economics of nuclear hydrogen production and performing benchmark analysis of both generic 
and the CRP specific cases of hydrogen production processes using the IAEA HEEP (Hydrogen 
Economics Evaluation Program) software. The various processes examined in the CRP include 
thermochemical water splitting, water and steam electrolysis methods, steam–methane 
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reforming, coal gasification and possible synergic production and comparison with production 
via solar energy route. 

A total of ten Member States participated in this CRP. The first RCM was held at IAEA 
Headquarters in Vienna on November 5–7, 2012. The next and final RCM is scheduled for 
December 2015. The CRP participants have identified several nuclear reactor types, including 
the high temperature gas cooled reactor (HTGR) with coolant temperature as high as 950 °C, 
to be attractive for nuclear hydrogen production. In particularly, most participants recognized 
the advanced state of development of the nuclear hydrogen production in JAEA and thus the 
high relevance of the technologies to the CRP. These technologies include construction and 
operation of the high temperature engineering test reactor (HTTR), research and development 
of the thermochemical sulfur–iodine (S–I) water splitting process, and the industrial basic 
design and cost estimation of commercial nuclear reactor system (GTHTR300C). As a result, 
the CRP has selected JAEA’s commercial plant design GTHTR300C+IS, which co-generates 
electricity and hydrogen, to be one of the four nuclear hydrogen production systems for 
benchmarking in the CPR. 

Japan’s contribution to the CRP is presented in this final report. The CRP will produce an IAEA 
technical report or TECDOC, which documents the contributions from the participants and 
from them to draw conclusions on techno-economics of nuclear hydrogen production, and make 
recommendations for future IAEA activities in this area. 

2. SCOPE OF WORK 

According to the Research Agreement, JAEA have performed the following work in the course 
of the three-year CRP: 

Year l: 
Meeting for planning of the coordinated research program with member countries` participants; 
Review of JAEA research materials including computational models, design and industrial 
costing database. 
Year 2: 
Performance of generic and technology-based case studies on techno-economics of nuclear 
hydrogen production; 
Performance of benchmark analysis between JAEA internal codes and lAEA's HEEP code; 
Year 3: 
Final reporting and discussions of the results; 
Making various contributions to the preparation of IAEA TECDOC; 
Recommendations for IAEA future activities. 
 

3. REVIEW OF RESEARCH MATERIAL, MODELS AND DATABASE IN JAEA 

3.1. Nuclear hydrogen production system 

GTHTR300C+IS is a commercial scale hydrogen cogeneration plant system designed by 
JAEA. It combines a prismatic HTGR and an sulfur–iodine thermochemical process hydrogen 
production plant. The system is detailed below. 
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3.1.1. Reactor technology 

JAEA has developed the reactor technology through long-term research programs till 
construction and successful operation of a VHTR-type test reactor – HTTR (High Temperature 
Engineering Test Reactor). The research program began in 1960s and included basic studies as 
well as full-scale mockup test of reactor components and systems. The results of the research 
program prepared the technology database required for the basic design of the HTTR, which 
was completed in 1984. 

The conclusion of basic research was immediately followed by a twelve-year period of detailed 
design, licensing and construction of the reactor. The HTTR is built on the JAER’s Oarai R&D 
Center. The builders of the HTTR are major domestic nuclear reactor vendors including 
Mitsubishi Heavy Industries, Toshiba, Hitachi, Fuji Electric, Nuclear Fuel Industries, Kawasaki 
Heavy Industries and Ishikawajima-Harima Heavy Industries, etc. The HTTR has been 
successfully operated at the rated power operation conditions at dual outlet temperatures of 
850 °C / 950 °C and for passive and inherent safety demonstration tests. HTTR design 
parameters and operational milestones are shown in Fig. 1. 

 

FIG. 1. HTTR ― a VHTR test reactor built and operated by JAEA. 

3.1.2. Hydrogen production technology 

The ongoing activities in JAEA for hydrogen production technology are focused on the research 
and development for the sulfur–iodine process, a thermochemical cycle to produce hydrogen 
by water splitting. The S–I process as illustrated in Fig. 2 involves three inter-cyclic thermo-
chemical reactions to dissociate H2O molecules into H2 and O2 gas products with high 
temperature heat and electricity as required energy input and with water as the material feed. 
All process materials other than water are reagents. The ratio of heat to electricity consumption 
is about 7 to 1. The heat is provided in form of hot helium gas from the high temperature nuclear 
reactor and used in various steps of the process stream concentration and decomposition. The 
electricity is generated in-house by the same nuclear reactor and used to power the process 
electrolyzers for stream concentration, gas circulators including the ones used in the helium gas 
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loop to transport the heat from the nuclear reactor to the hydrogen process plant, the process 
fluid pumps and other utilities. 

 

FIG. 2. Principle of the S–I process for nuclear hydrogen production. 

Several closed cycle production facilities for the S–I process have been built and operated. The 
first such facility that produced 1 NL/h of H2 continuously for 48 hours. The steady state 
operation was achieved with partial manual tuning of flow rate from a HI distillation column to 
the Bunsen section [2]. The next facility built was rated at 31 NL/h of H2, in which the stable 
continuous operation was demonstrated for 175 hours under an automated control system [3]. 
These two earlier facilities were constructed of glass apparatuses. Currently the commissioning 
of a third test facility shown in Fig. 3 is underway [4]. Unlike the previous test facilities, this 
latest facility rated at 200 NL/h is constructed of industrial materials such as SiC ceramic 
component, fluoroplastic or glass lined steel components, and of practical component designs 
such as a bayonet-type H2SO4 decomposer, an adiabatic radial flow HI decomposer, and 
multiple units of electro-electrodialysis cell to concentrate HI fluid stream. The S–I process 
facility, presently the world’s largest-scale thermochemical hydrogen production facility, has 
started production operation in 2016. 

 

FIG. 3. S–I process engineering test facility of dimension W 18.5 m × D 5 m × H 8.1 m. 
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The technical and engineering databases, component integrity verification, and operation 
experience to be acquired in the 200 NL/h test facility is intended to prepare for the construction 
and licensing of a nuclear hydrogen production system, which is a part of a hydrogen and 
electricity nuclear cogeneration test plant to be coupled to the existing test reactor HTTR. JAEA 
has begun the basic design of this nuclear hydrogen test plant. 

3.1.3. Nuclear hydrogen production plant design 

Based on the HTTR knowhow and working with some of the same industry vendors, JAEA has 
been developing the GTHTR300C to produce electricity by a helium gas turbine and hydrogen 
by the S–I process. The basic design for the GTHTR300C has been completed including the 
engineering development of the gas turbine and other balance of plant major equipment. 

Figure 4 depicts the GTHTR300C design based on a prismatic VHTR and an integrated CHP 
cogenerator vessel unit. Figure 5 shows the layout of the S–I hydrogen production process that 
connects to the GTHTR300C via the IHX. The reactor is rated at 600 MW(th) thermal power 
and 950 °C outlet coolant temperature. The intermediate heat exchanger (IHX) used to deliver 
900 °C helium as nuclear heat source to the hydrogen process is designed based on the helical 
He–He counter-flow tube and shell heat exchanger, the same type operated in the HTTR. The 
heat capacity of the IHX is 170 MW(th). The gas turbine is designed to produce 300 MW(e) 
maximum in stand-alone power generation and 204 MW(e) when hydrogen is being 
cogenerated. 

TABLE 1 contains additional performance parameters of both stand-alone power generation 
(GTHTR300 at two reactor outlet temperature conditions) and hydrogen cogeneration 
(GTHTR300C). 

 

FIG. 4. GTHTR300C reactor system design with integrated IHX/GT cogenerator unit. 
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FIG. 5. Layout design of S–I process plant (170MW(th)) for coupling to GTHTR300C. 

 

The energy and material balance of the S–I process is given in Fig. 6. The gross thermal input 
is 175 MW(th), of which 5 MW(th) is input from the helium circulator gas compression heating 
of the heat transport loop that connects the reactor to the hydrogen plant. The net thermal input 
to the process is 168.9 MW(th). The net electricity consumption is 25.4 MW(e) accounting for 
all major usages of electricity including process electric utility (pumps and electrolyzer), and 
the helium gas circulation power consumption of the helium heat transport loop. Accordingly, 
the thermal efficiency of the S–I process hydrogen plant is estimated to be 48.8% (HHV) as 
detailed below. 

A key factor that contributes to the high S–I process efficiency is use of the innovative cobalt-
reactive HI decomposing process developed by Japan’s Toshiba Corporation. The test of the 
process has yielded nearly 100% HI decomposition rate in one pass, as opposed to less than 
30% by the conventional distillation decomposition method. Another factor is that electricity 
used by the hydrogen plant is most efficiently cogenerated in-house by the nuclear reactor 
power plant. The gross electricity generating efficiency is 47.3% in the nuclear reactor plant. 
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TABLE 1. GTHTR300 PLANT SERIES DESIGN/PERFORMANCE PARAMETERS 

 GTHTR300 
(power generation only) 

GTHTR300C 
(hydrogen 
cogeneration) 

Texit = 850 °C Texit = 950 °C 

Reactor thermal power (MW(th)) 600 600 

Heat supply (IHX) to H2 plant (MW(th)) - 168.9 

Core coolant flow (kg/s) 439 403 324 

Core inlet temperature (°C) 587 663 594 

Core outlet temperature (°C) 850 950 950 

Core coolant pressure (MPa) 6.9 5.1 

Core power density (MW/m3) 5.4 5.4 

Average fuel burnup (GWd/t) 120 120 

Refueling interval (months) 24 18 18 

GT conversion cycle non-intercooled direct Brayton 
cycle 

non-intercooled 
direct Brayton 

cycle 

GT cycle pressure ratio 2.0 2.0 

Gross power generating efficiency (%) 46.7 51.4 47.3 

Net power generating efficiency (%) 45.6 50.4 45.9 

Gross power generation rate (MW(e)) 280 308 204 

Reactor plant in-house load (MW(e)) 6 6 

H2 plant in-house load 
(He circulator / S–I process) (MW(e)) 

- 25.4  
(6.2 / 19.2) 

Net electricity output to grid (MW(e)) 274 302 172.6 

H2 production technology - S–I process 

H2 Production rate (Nm3/h (t/d)) - 30 655 (66.1) 

H2 conversion efficiency (%) - 48.8 

Total net plant efficiency (%) 45.6~50.4 46.9 
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FIG. 6. Energy consumption details of the S–I process in the GTHTR300C. 

 

 

3.2. GTHTR300C+IS hydrogen cost estimation by JAEA internal program 

Unless otherwise stated, the cost data presented in this report assume that the plant be 
constructed and operated in Japan. The data are given in US dollar, for which a currency 
exchange rate of 120 Japanese ¥ for 1.00 US $ is implied (as it is today, October 5, 2015). 

Table 2 summarizes the estimated costs of the GTHTR300C+IS hydrogen production and 
various transportation and distribution methods by using the JAEA internal program. The plant 
capacity factor is assumed to be 90% for both the reactor plant and the hydrogen plant. The 
capital cost of the hydrogen plant covers equipment cost, site construction cost and indirect 
cost. Nuclear heat is assumed to be cogenerated in the reactor plant and supplied via IHX to the 
hydrogen plant facility. The utilities include the feedwater to S–I process, electricity (which is 
supplied in house by the nuclear reactor plant at a cost of 3.2 ₵/kWh at discount rate of 3% and 
used to power the electro-electrodialysis (EED) of the S–I process, the S–I process pumps, and 
the helium circulator of the heat transport loop that connects the S–I plant to the nuclear plant, 
and the catalysts and chemicals used in the S–I process. The S–I process is assumed to be 100% 
equity funded, for which the return of investment (ROI) is 8%. Note that the value difference 
in the two columns in Table 2 results from whether a credit is taken from the sale of byproduct 
oxygen. 

As seen from Fig. 7, 64% of the hydrogen production cost of the GTHTR300C+IS is the cost 
of the energy — the nuclear heat and electricity supplied in the nuclear reactor plant. The 
balance of the hydrogen cost is the S–I process plant cost. 

Table 2 and Fig. 8 also include cost estimates for three options, including gas compression, 
liquefaction and chemical hydride, of transportation and distribution for the hydrogen product. 
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TABLE 2. GTHTR300C + S–I HYDROGEN PRODUCTION, TRANSPORT, AND DISTRIBUTION 
COST 

Production 

H2 production scale (Nm3/h) (efficiency (%))  30 655  
(48.8) 

30 655  
(48.8) 

Plant life (a) 15 15 

H2 plant capital ($/kg) 0.657 0.657 

Nuclear heat ($/kg) 0.965 0.965 

Nuclear electricity ($/kg) 0.294 0.294 

H2 plant utilities ($/kg) 0.091 0.091 

Byproduct (O2) credit ($/kg) 0 –0.278 

ROI (8%) ($/kg) 0.161 0.161 

Total production cost ($/kg) 2.169 1.891 

Total production cost (₵/Nm3) 19.5 17.0 

Transportation and distribution as compressed gas 

H2 compression (20 MPa gas) ($/kg) 0.668 

H2 transport 150 km (tanker) ($/kg) 4.361 

H2 distribution (70 MPa gas compression and storage at 
FCV filling station) ($/kg) 

5.965 

Total ($/kg) 10.992 

Total (₵/Nm3) 98.8 

Transportation and distribution as liquid hydrogen 

H2 liquefaction ($/kg) 1.469 

H2 transport 150 km (tanker) ($/kg) 0.234 

H2 distribution (gasification, 70 MPa gas compression, 
storage at FCV filling station) ($/kg) 

5.340 

Total ($/kg) 7.042 

Total (₵/Nm3) 63.3 

Transportation and distribution as organic chemical hydride  

Hydrogenation ($/kg) 0.278 

H2 transport 150 km (truck) ($/kg) 0.367 

H2 distribution (dehydrogenation, 70 MPa gas 
compression, storage at FCV filling) ($/kg) 

7.298 

Total ($/kg) 7.944 

Total (₵/Nm3) 71.4 
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FIG. 7. Cost share of hydrogen production by GTHTR300C+IS. 

 

 

FIG. 8. Transport and distribution costs of hydrogen. 

 

3.3. Conventional steam reforming of methane 

Steam reforming of methane (SMR) is currently the prevailing hydrogen production method in 
practice. Two SMR processes are considered. The first process is designed to yield 97% pure 
hydrogen in the product gas stream with the balance consisting of residual methane, nitrogen 
gas and inert gases. The second process designed adds an additional step of so-called pressure 
swing absorber for the purpose of increasing the hydrogen purity of the product stream to 
99.99%. The higher purity is required for such applications as fuel cell. 
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The estimated production costs of the two processes are shown in Table H-3. Plant capacity 
factor of 330 days (90.4%) is assumed in both processes. The construction cost covers 
equipment and site installation and also includes 20% construction project contingency. The 
consumables are the process material uses, mainly natural gas as feedstock and fuel, and 
additionally catalysts, chemicals, etc. The utilities include electricity, steam and process water. 

TABLE 3. CONVENTIONAL SMR HYDROGEN PRODUCTION COST 

H2 production scale (Nm3)  
(Product H2 purity (%)) 

300 000 
(97.00) 

200 000 
(99.99) 

Plant life (a) 10 10 

ROI (%) 8.0 8.0 

Construction ($/kg) 0.135 0.237 

Consumables ($/kg) 1.248 1.336 

Utilities ($/kg) 0.140 0.216 

Byproduct ($/kg) –0.248 –0.381 

Total cost ($/kg) 1.383 1.598 

Total cost (₵/Nm3) 12.4 14.3 

 

3.4. Nuclear steam reforming of methane 

In the conventional SMR, about 35% natural gas is consumed to generate the process heat 
required by the SMR itself. Such use of natural gas as fuel can be replaced by the use of HTGR 
to meet all of the process heat demands. The HTGR design with 950 °C core outlet is capable 
of heating a reformer operating at 538 °C inlet to 870 °C outlet, the same reformer operating 
conditions assumed in the above conventional processes. 

Some major design changes are made for a conventional SMR in order to couple it to the HTGR. 
For example, the hot helium is routed through a cascade of reformers, and the reformers are re-
designed and sized to provide external heating by the helium gas. 

The production costs have been estimated for three processes of varying production scale and 
product gas purity. The results are summarized in Table 4. The process capacity factor of 330 
days (90.4%) is assumed in all three cases of the process. The construction cost covers 
equipment and site installation and also includes 20% construction project contingency. The 
consumables are the process material uses including natural gas feedstock, catalysts, chemicals, 
etc. The nuclear heat cost of 0.597 ₵/MJ is included in place of fuel cost in the consumables. 
The utilities include electricity, steam and process water. 

Of the three cases of cost estimation in Table 4, a comparison between the 1st and 2nd cases can 
be made to show the cost impact of product gas purity whereas that between the 2nd and 3rd 
cases can be used to demonstrate the sensitivity of hydrogen production cost to production 
scale. The hydrogen production scale of 300 000 Nm3/h (25.1 t/h) demands a 380 MW(th), 
950 °C HTGR and that of 450 000 Nm3/h (37.7 t/h) requires the HTGR to supply 600 MW(th) 
and 950 °C helium. 
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TABLE 4. HTGR+SMR HYDROGEN PRODUCTION COST 

 Cost estimation 

 Case 1 Case 2 Case 3 

H2 production scale (Nm3/h) 
(Product H2 purity (%)) 

300 000 
(97.00) 

300 000 
(99.99) 

450 000 
(99.99) 

Plant life (a) 10 10 10 

ROI (%) 8.0 8.0 8.0 

Construction ($/kg) 0.118 0.167 0.145 

Consumables ($/kg) 0.959 1.021 1.021 

Utilities ($/kg) 0.119 0.165 0.165 

Byproduct ($/kg) 0 –0.115 –0.115 

Total cost ($/kg) 1.291 1.371 1.332 

Total cost (₵/Nm3) 11.5 12.2 11.9 

  

3.5. GTHTR300 nuclear plant design and cost database 

As agreed to in the 2012 December 1st RCM, this section provides the detailed design and cost 
data of JAEA’s commercial 600 MW(th) HTGR reactor plant design – GTHTR300, to the 
participants of the CRP on HEEP as necessary to add in their evaluation. Additional design and 
cost data not found in this section might be informed to the participants if requested in the 
framework of the CRP. 

JAEA has been developing the graphite moderated and helium cooled GTHTR300 using the 
comprehensive industrial knowhow obtained in the construction and operation of the HTTR. 
The GTHTR300 is an economical power plant design with a high level of safety and a high 
plant efficiency of 45.6% net. 

Figure 9 shows the reactor primary plant design consisting of three interconnected steel pressure 
vessels. The reactor plant is installed in the reactor building shown in Fig. 10. Table 5 provides 
the major design parameters of the GTHTR300. 

All cost results presented in this section have been estimated from the reference economical 
evaluation database and methodology established by the Federation of Electric Power 
Companies (FEPC) of Japan. The FEPC consists of Japan’s 10 largest electric power utilities. 
The same database and methodology are also applied to existing light water reactors operated 
in Japan. 

Tables 6 to 10 present the details of the cost estimates. The construction cost is estimated to be 
1658 US $/kW(e). Assuming a 40 years operation life, the power generation cost is estimated 
to be in the range of 3.20 to 3.57 US₵/kWh varying by load factor and discount rate. 
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FIG. 9. GTHTR300 power reactor design. 

 

FIG. 10. GTHTR300 reactor building design. 
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TABLE 5. GTHTR300 DESIGN PARAMETERS 

O
ve

ra
ll

 p
la

nt
 

Reactor power 600 MW(th)/unit (4 units/plant) 
Reactor pressure vessel SA533 (Mn–Mo) steel 
Reactor safety system No active emergency system 
Radioactive nuclide retention Confinement 
Plant cycle Non-intercooled Brayton cycle 
Power generation 280 MW(e) 
Net power output 274 MW(e) 
Net generating efficiency 45.6% 
Plant capacity factor > 90% 

R
ea

ct
or

 

Coolant inlet/outlet temperature 587 / 850 °C 
Coolant inlet pressure 6.92 MPa 
Core coolant pressure loss 60 kPa 
Average power density 5.8 MW/m3 
Fuel element Pin-in-block prism 
Fuel cycle LEU once through 
Enrichment 14% 
Average burnup 120 GWd/t 
Shutdown refueling Once per 2 years 
Refueling duration 30 days 

T
ur

bo
m

ac
hi

ne
ry

 

Shaft design type Horizontal, single-shaft 
Shaft speed 3600 rpm 
Turbine inlet pressure 6.80 MPa 
Turbine mass flow 439.1 kg/s 
Turbine expansion ratio 1.88 
Number of turbine stages 6 
Turbine polytropic efficiency 92.8% 
Compressor inlet temperature 28 °C 
Compressor pressure ratio 2.0 
Number of compressor stages 20 
Compressor polytropic efficiency 90.5% 
Generator drive Cold-end, diaphragm coupling 
Generator type Synchronous 
Generator cooling 7 MPa helium cooled 
Generator efficiency 98.7% 

H
ea

t e
xc

ha
ng

er
 

Recuperator design type Plate-fin, 6 modular units 
Recuperator thermal rating 1025 MW(th) 
Recuperator effectiveness 95% 
Recuperator total pressure loss 1.7% 
Recuperator construction material Type 316SS 
Precooler design type Helical-coiled finned tube bundle 
Precooler thermal rating 313 MW(th) 
Cooling water inlet temperature 22 °C 
Precooler design (logarithmic mean 
temperature difference (LMTD)) 

37 °C 

Precooler tubing material Carbon steel (STB410) 
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TABLE 6. GTHTR300 CONSTRUCTION COST 

Items Million US $ 

Reactor components 
 Reactor pressure vessel 
 Core components 
 Reactivity control system 
 Shutdown cooling system 
 Vessel cooling system 
 Fuel handling and storage system 
 Radioactive waste treatment system 

142.33 
 34.13 
 35.24 
 25.50 
 7.97 
 10.71 
 25.84 
 2.95 

Power conversion system 
 Turbine and compressor 
 Generator 
 Power conversion vessel 
 Heat exchanger 
 Heat exchanger vessel 
 Hot piping 

116.76 
 28.45 
 11.96 
 15.60 
 25.07 
 18.50 
 17.18 

Auxiliary system 
 Helium purification system 
 Helium storage and supply system 
 Cooling water system 
 Radiation management system 
 Ventilation and air conditioning system 
 Other systems 

56.03 
 9.38 
 9.43 
 12.33 
 8.04 
 11.47 
 5.39 

Electric system, control and instrumentation system 
 Electric system 
 Control and instrumentation system 

48.17 
 33.33 
 14.83 

Buildings 92.26 

Total 
455.54 

or: 1658 US $/kW(e) 

 

TABLE 7. GTHTR300 CAPITAL COST (UNIT: US₵/kWh) 

Load factor 80% 90% 

Discount rate 3% 4% 3% 4% 

Depreciation cost 0.85 0.93 0.75 0.83 

Interest cost 0.20 0.29 0.18 0.26 

Property tax 0.09 0.10 0.08 0.09 

Decommissioning cost 0.18 0.13 0.15 0.12 

Total 1.31 1.45 1.17 1.29 
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TABLE 8. GTHTR300 OPERATING COST (UNIT: US₵/kWh) 

Load factor 80% 90% 

Discount rate 3% 4% 3% 4% 

Maintenance cost 0.34 0.34 0.30 0.30 

Miscellaneous cost 0.38 0.38 0.33 0.33 

Personnel cost 0.16 0.16 0.14 0.14 

Head office cost 0.01 0.01 0.01 0.01 

Business tax 0.04 0.05 0.04 0.04 

Total 0.93 0.93 0.83 0.83 

 

TABLE 9. GTHTR300 FUEL COST (UNIT: US₵/kWh) 

Discount rate 3% 4% 

Uranium purchase and conversion cost 0.12 0.13 

Enrichment cost 0.24 0.26 

Fabrication cost 0.36 0.37 

Storage cost 0.02 0.02 

Reprocessing cost 0.33 0.32 

Waste disposal cost 0.15 0.13 

Total 1.22 1.20 

 

TABLE 10. GTHTR300 POWER GENERATION COST (UNIT: US₵/kWh) 

Load factor 80% 90% 

Discount rate 3% 4% 3% 4% 

Capital cost 1.31 1.45 1.17 1.29 

Operating cost 0.93 0.93 0.83 0.83 

Fuel cost 1.22 1.20 1.22 1.20 

Total 3.45 3.57 3.20 3.31 
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4. BENCHMARKING OF IAEA FIVE GENERIC CASES 

4.1. Benchmarking results 

IAEA provided five generic cases (Table 11) to be benchmarked by the CRP participants to 
estimate their hydrogen production costs using HEEP. Note that an error of item “non-process 
electricity required” for Case-5 in Table 1 has been corrected from 428 MW(e), which is 
unreasonably large for electricity consumption of an essentially thermal process, to one order 
of magnitude smaller to 42.8 MW(e), which is acceptable based on this CSI`s knowledge. 

The hydrogen production costs estimated by JAEA using the HEEP code are included in Table 
12. Two sets of financial parameters are used, which are the HEEP default values and Japan’s 
typical values for utility nuclear plant. 

4.2. Discussion 

The following are some observations that may be made from the calculated results of generic 
cases benchmarking: 

Nuclear hydrogen production costs are competitive to alternative non-nuclear production routes 
of hydrogen. The nominal costs of nuclear hydrogen are estimated in the range of 2.02–4.18 
US $/kg-H2 (Table 11, Japan’s financial parameters), which compares to the range of 3.45–
6.45 US $/kg-H2 from reforming of fossil fuels including natural gas, city gas, LPG, naphtha, 
crude oil, 2.67–3.56 US $/kg-H2 from byproduct of coke oven gas, and 3.45–6.45 US $/kg-H2 
for conventional water electrolysis using renewable energy sources including solar and wind 
[5]. For the three generic cases of pressurized light water reactor APWR combined with 
conventional electrolysis (CE), about 90% of the final hydrogen production cost comes from 
the nuclear plant cost as detailed in Fig. 11. As a result, the hydrogen production cost can be 
expected to be strongly affected by the economy-of-scale of the nuclear plant, for which the 
HEEP correctly predicts. For example, the nominal hydrogen cost estimated using HEEP 
default financial parameters is 5.46 US $/kg-H2 for the 2×360 MW(e) APWR+CE with a 
production rate of 4 kg/s hydrogen while that from 2×1117 MW(e) APWR+CE with a rate of 
12 kg/s hydrogen is reduced to 3.49 US $/kg-H2. 

The advanced methods of hydrogen production based on HTGR may further lower the cost of 
hydrogen. Even at the low end of the production rates examined, the hydrogen produced from 
HTGR-based HTSE (high temperature steam electrolysis) and S–I (sulfur–iodine 
thermochemical water splitting) methods cost less than that produced in the largest-size APWR 
plant. An important contribution to the lower cost of the HTGR-based production is the higher 
thermal efficiency of hydrogen production achieved in the high temperature process methods. 
The efficiency calculated from the heat and electricity consumption in Table 11 is about 40% 
for HTGR + HTSE and 45% for HTGR + S–I, comparing to about 26% for APWR + CE. For 
the two HTGR-based methods, the share of nuclear reactor in the final hydrogen cost is reduced 
to the range of 55–65% from the about 90% for the APWR-based methods. The HTGR + S–I 
appears costing higher than the HTGR + HTSE, which is thought to attribute to a 50% capital 
cost premium for the HTGR + S–I as both its reactor and process are operated at higher 
temperatures and thus required of more costly constructed heat exchangers and chemical 
reactors than the respective counterparts in the HTGR + HTSE. 
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TABLE 11. IAEA FIVE GENERIC CASES 

 Case-1 Case-2 Case-3 Case-4 Case-5 
 APWR+CE 

H2 rate:  
4 kg/s 

APWR+CE 
H2 rate: 
8 kg/s 

APWR+CE 
H2 rate: 
12.43 kg/s 

HTGR+ 
HTSE H2 
rate: 4 kg/s 

HTGR+S–I 
H2 rate: 
4 kg/s 

Nuclear plant project 2×359.5 
MW(e)  

2×719.0 
MW(e)  

2×1117.1 
MW(e)  

2×509.3 
MW(th)  

2×630.7 
MW(th)  

Construction period (a) 5 5 5 3 3 
Operation period (a) 40 40 40 40 40 
Cooling before 
decommissioning (a) 

2 2 2 2 2 

Decommissioning (a) 10 10 10 10 10 
Refurbishment (a) 1 1 1 1 1 
Spent fuel cooling (a) 2 2 2 2 2 
Waste cooling (a) 10 10 10 10 10 
Nuclear plant design 
Number of units 2 2 2 2 2 
Capacity factor (%) 93 93 93 90 90 
Availability factor (%) 100 100 100 100 100 
Thermal rating  
(MW(th)/unit) 

1089 2178 3385 510 630.7 

Heat for H2 plant 
(MW(th)/unit) 

0 0 0 510 630.7 

Electricity rating  
(MW(e)/unit) 

359.5 719.0 1117.1 0 0 

Initial fuel load (kg/unit) 27 000 54 000 75 000 14 000 18 000 
Annual fuel feed (kg/unit) 9000 18 000 25 000 5000 6000 
Capital cost (US $/unit) 3.16E+9 4.66E+9 5.96E+9 4.02E+8 6.05E+8 
Electricity generating 
infrastructure (% of CC) 

10 10 10 0 0 

Fuel cost (US $/kg) 1850 1365 1260 3660 5535 
O&M cost (% of CC) 1.66 1.67 1.7 5.8 5.75 
Decommissioning (%) 2.8 2.8 2.8 11.7 8.35 
Hydrogen plant design 
Process method electrolysis electrolysis electrolysis HTSE S–I process 
Number of units 1 1 1 1 1 
Capacity factor (%) 93 93 93 90 90 
Availability factor (%) 100 100 100 100 100 
H2 generation rate 
(kg/a/unit)  
(excl. load factor) 

1.26E+08 2.53E+8 3.92E+8 1.26E+8 1.26E+8 

Heat consumption 
(MW(th)/unit) 

0 0 0 1020 1261.4 

Electricity consumption 
(MW(e)/unit) 

719 1438 2234 0 0 

Non-process electricity 
consumption (MW(e)/unit) 

0 0 0 0 42.8 

Capital cost (US $/unit) 4.28E+8 8.45E+8 1.31E+9 4.59E+8 6.66E+8 
Annual energy cost (US $) 0 0 0 0 2.7E+7 
O&M cost (% of CC) 4 4 4 17.23 6.68 
Decommissioning (%) 10 10 10 10 10 
Hydrogen production cost (US $/kg-H2) using HEEP default financial parameters 
Nominal cost  5.46 4.14 3.49 2.24 2.98 
Real cost  6.12 4.64 3.90 2.34 3.14 
Hydrogen production cost (US $/kg-H2) using Japan’s financial parameters 
Nominal cost  4.18 3.18 2.68 2.02 2.65 
Real cost  4.18 3.18 2.68 2.02 2.65 
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TABLE 12. FINANCIAL PARAMETER VALUES IN GENERIC CASE BENCHMARKING 

 HEEP default  
financial parameters 

Japan’s  
financial parameters 

Discount rate (%) 5 3 

Inflation rate (%) 1 0 

Finance equity:debt (%) 70:30 0:100 

Borrowing interest (%) 10 3 

Tax rate (%) 10 1.4 

Depreciation period (a) 20 20 

 

The hydrogen cost appears sensitive to the values of financial parameters assumed. Fig. 12 
compares the nominal costs of hydrogen production using the two sets of the financial 
parameter values given in Table 12. It is seen that the APWR-based plants, because of their 
larger contribution of nuclear plant relative to hydrogen plant to the final hydrogen product 
cost, appear more sensitive to the assumed values of financial parameters than the HTGR-based 
plants. In the case of 2x360 MW(e) APWR, the difference in final hydrogen nominal cost is 
31% between the HEEP default values and Japan’s financial parameter values. In the case of 
2×631 MW(th) HTGR + S–I, this difference is narrowed to about 12%. 

The most significant parameter affecting the final hydrogen production cost is the equity to debt 
ratio to finance the nuclear plant construction as detailed in Table 13. The other important 
parameters appear to be interest rate and discount rate. On the other hand, the tax rate and 
depreciation period appear to have relatively small effects on the hydrogen product cost. Seen 
from the tabulated values, the more capital intensive APWR+CE appears significantly more 
sensitive to financial parameters than does the less capital intensive HTGR+IS. 

TABLE 13. SENSITIVITY OF HYDROGEN PRODUCTION COST TO FINANCIAL 
PARAMETERS: JAPAN’S CONDITION 

 Financial 
parameters 

Cost difference due to changing from HEEP default to 
Japan’s financial parameters 

 HEEP 
default 

Japan Nominal cost Real cost 

   APWR+CE 
H2: 4 kg/s 

HTGR+S–I 
H2: 4 kg/s 

APWR+CE 
H2: 4 kg/s 

HTGR+S–I 
H2: 4 kg/s 

Discount rate (%) 5 3 –12.8% –4.4% –13.6% –5.7% 
Inflation rate (%) 1 0 +12.1% +5.4% 0 0 
Finance 
equity:debt (%) 

70:30 0:100 +33.2% +16.8% +31.4% +16.9% 

Borrowing 
interest (%) 

10 3 –19.4% –9.7% –18.8% –10.2% 

Tax rate (%) 10 1.4 –0.9% –0.3% –1.3% –0.6% 
Depreciation 
period (a) 

20 20 - - - - 
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5. TECHO-ECONOMIC ANALYSIS OF THE FOUR COUNTRY SPECIFIC CASES 

The CSIs of Canada, China, Germany and Japan have prepared, for the benchmark exercise by 
this CRP, the four benchmark generic cases identified in Table 14. 

 

TABLE 14. CRP’S SELECTED FOUR BENCHMARK CASES 

Generic benchmark 

Case 1 

Generic benchmark 

Case 2 

Generic benchmark 

Case 3 

Generic benchmark 

Case 4 

Canada China Germany Japan 

Involves the use of 

thermochemical cycle 

Cu–Cl and the SCWR 

Involves the use of 

thermochemical cycle 

S–I and the HTR-PM 

Involves the use of 

SMR and the  

HTR-Modul 

Involves the use of 

thermochemical cycle 

S–I and the 

GTHTR300C 

 

 

 

FIG. 11. Cost share of nuclear and hydrogen plants in the final hydrogen cost for HEEP 5 
generic cases (nominal costs based on HEEP default finance parameters) 
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FIG. 12. Sensitivity of hydrogen nominal costs to financial parameters for HEEP’s five generic cases. 

 

The input templates of the CRP-selected generic cases as provided by Canada, China, Germany 
and Japan to the CRP participants are included in Table 15. 

 

5.1. Benchmarking results 

5.1.1. Case 1: Canada’s CANDU6 + Cu–Cl 

Table 16 and Fig.s 13 and 14 summarize the results of hydrogen production cost estimated of 
Case 1 based on Canada’s Gen-II reactor CANDU6, a heavy water moderated and natural 
uranium fueled reactor. All commercial reactors built in Canada are CANDU units. Additional 
11 CANDU 6 units are operated in six other countries. Note that both the nominal and real costs 
of the hydrogen calculated using Canada’s financial parameters are higher than those calculated 
either from HEEP default financial values or from Japan’s values. This is due to the 
combination of relatively a lower discount rate and a higher inflation rate in Canada’s set of 
financial values. 

In collaboration with Atomic Energy of Canada Limited (AECL) and other academic and 
research institutions, the University of Ontario Institute of Technology (UOIT) has led the 
development of copper–chlorine (Cu–Cl) cycle for nuclear hydrogen production as part of a 
large-scale project on the development and commercialization of this cycle. There are variants 
of 3-step, 4-step and 5-step cycles for potential integration with nuclear reactors. The cycle 
analysed here is the 5-step that requires the lowest temperature heat input of around 500 °C 
compatible with the supply temperature of CANDU6 reactors. 
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TABLE 15. THE INPUT TEMPLATES OF THE CRP-SELECTED GENERIC CASES 

 Case 1 
Canada 

Case 2 
China 

Case 3 
Germany 

Case 4 
Japan 

Nuclear plant CANDU6 + Cu–
Cl (5step) H2 
rate:  
4.28 kg/s 

HTR-PM + S–
I  
H2 rate:  
1.36 kg/s 

HTR-Modul + 
SMR  
H2 rate:  
4 kg/s 

GTHTR300C+ 
S–I  
H2 rate:  
0.77 kg/s 

Nuclear plant project 4×2084 MW(th) 
CANDU6  

2×250 MW(th) 
HTGR 

2×170 MW(th) 
HTGR 

600 MW(th) 
HTGR 

Construction period (a)  6 3 3 4 
Operation period (a) 30 40 40 40 
Cooling before decommissioning  0 2 2 2 
Decommissioning (a) 50 10 10 10 
Refurbishment (a) 0 ? 1 1 
Spent fuel cooling (a) 7 2 2 2 
Waste cooling (a) 0 10 10 10 
Nuclear plant design     
Number of units 4 2 2 1 
Capacity factor (%) 90 90 90 90 
Availability factor (%) 100 100 100 100 
Thermal rating (MW(th)/unit) 2084  250 170 600 
Heat for H2 plant (MW(th)/unit) 159.58  250 117 170 
Electricity rating (MW(e)/unit) 629.88 0 21.3 204 
Initial fuel load (kg/unit) 87 552 2940 2396 7090 
Annual fuel feed (kg/unit) 126 000 1014 767 1773 
Capital cost (US $/unit) 2.24E+9 2.5E+8 5.99E+8 5.5E+8 
Electricity generating 
infrastructure (% of CC) 

12.2 0 10 21 

Fuel cost (US $/kg) 137.2 4800 11 000 12 962 
O&M cost (% of CC) 4.21 3.81 4.0 3.98 
Decommissioning cost (% of CC) 14.75 4 10 0.52 

Hydrogen plant design     
Process method Thermo 

chemical  
Cu–Cl (5step) 
process  

Thermo 
chemical  
S–I process 

Steam reforming 
of methane 

Thermo 
chemical  
S–I process 

Number of units 1 2 2 1 
Capacity factor (%) 90 90 90 90 
Availability factor (%) 100 100 100 100 
H2 generation rate (kg/a/unit) 
(excluding load factor) 

1.34E+08 2.14E+7 5.49E+7 2.41E+7 

Thermal rating (MW(th)/unit) 2084  250 170 600 
Heat consumption (MW(th)/unit) 638.36  250 117 170 
Electricity consumption 
(MW(e)/unit) 

273.35 20 21.3 25.4 

Non-process electricity 
consumption (MW(e)/unit) 

0 0 0 0 

Capital cost (US $/unit) 4.00E+8 1.0E+8 2.03E+8 1.43E+8 
Annual energy usage cost (US $) 0 1.05E+7 0 0 
O&M cost (% of CC) 7.0 5.46 5.0+22 (CH4) 4.26 
Decommissioning cost (% of CC) 10 5 10 0 
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The calculation used the case file generated by this author based on the design values of nuclear 
reactor plant and hydrogen plant from Canada’s country final report. 

 
FIG. 13. Components of nominal cost for Case 1 CANDU6 + Cu–Cl Canada. 

  

5.1.2. Case 2: China’s HTR-PM + S–I 

China’s HTR-PM is presently the only commercial demonstration reactor of the HTGR under 
construction in the world. With this significant technology achievement, the INET (the Institute 
of Nuclear and New Energy Technology of Tsinghua University, China) has been conducting 
the R&D on nuclear hydrogen production processes of thermochemical sulfur– iodine process 
and high temperature steam electrolysis for about a decade. In May 2014, INET has achieved 
the continuous production operation of 60 L/h in an integrated S–I process test loop. Future 
R&D is planned to focus on engineering material screening, components development and 
development and demonstration of a large pilot-scale S–I process test facility. Based on this 
background, the generic case of HTR-PM + S–I has been created by China’s participant for the 
purpose of benchmarking by the CRP. 

TABLE 16. FINANCIAL PARAMETERS CASE 1 CANDU6 + Cu–Cl CANADA 

Financial parameter HEEP default Canada Japan 
Discount rate (%) 5 2 3 
Inflation rate (%) 1 2 0 
Finance equity:debt (%) 70:30 50:50 0:100 
Borrowing interest (%) 10 7 3 
Tax rate (%) 10 30 1.4 
Depreciation period (a) 20 30 20 
Hydrogen cost (US $/kg-H2) 
Nominal cost 2.94 5.34 2.93 
Real cost 2.89 3.61 2.93 
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FIG. 14. Components of real cost for Case 1 CANDU6 + Cu–Cl Canada. 

 
 

Table 17 and Fig.s 15 and 16 summarize the results of hydrogen production cost estimation for 
the case using the HEEP. The calculation is performed with the case file (INET-HTR-PM-IS 
20141218). The case file as provided uses the identical set of the HEEP default values of 
financial parameters. The nominal cost and the real cost of hydrogen production for the HTR-
PM + S–I are calculated by HEEP. The table shows benchmarking result of the cost using 
Japan’s financial parameters. 

 

TABLE 17. FINANCIAL PARAMETERS CASE 2 HTR-PM + S–I CHINA 

Financial parameter HEEP default China Japan 

Discount rate (%) 5 12 3 

Inflation rate (%) 1 2 0 

Finance equity:debt (%) 70:30 30:70 0:100 

Borrowing interest (%) 10 5 3 

Tax rate (%) 10 15 1.4 

Depreciation period (a) 20 20 20 

Hydrogen cost (US $/kg-H2) 

Nominal cost 2.52 2.55 2.14 

Real cost 2.70 2.98 2.14 
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FIG. 15. Components of nominal cost for Case 2 HTR-PM + S–I China. 

 

 

FIG. 16. Components of real cost for Case 2 HTR-PM + S–I China. 
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5.1.3. Case 3: Germany’s HTR-Module + SMR 

Of the four cases files for HTR-Module + SMR as provided by Germany, the self-sustainable 
case file (HTR-Modul Steam Reforming 100%.cas), in which all heat and electricity are 
produced and supplied by the nuclear reactor plant HTR-Module to meet the SMR hydrogen 
plant consumption, is evaluated here. However, this case as provided by Germany seems to 
have missed consideration or inclusion of the cost of natural gas as feedstock to the hydrogen 
plant. This is corrected by this author as follows: the natural gas price assumed is 15 US 
$/MMBTU, which corresponding to the imported commodity price of (LNG) to Japan as of 
March 2015. For the hydrogen production rate of 4.41×107 kg/s per unit of hydrogen plant 
(there are two units), the natural gas feed is 8.82×107 kg/a or 4.64×106 MMBTU/a, at a cost of 
70 M$/a. This cost is input into the hydrogen plant input sheet of the HEEP program as a part 
of “Other O&M cost (% of CC)”, equivalent to about 47% of capital cost. Adding other O&M 
cost of 7.8% (as provided by Germany) bring the total of “Other O&M cost” to 54.8% of capital 
cost. 

Table 18 and Fig.s 17 and 18 summarize the results of hydrogen production cost benchmarking 
estimation for the case using the HEEP. Both nominal and real costs are given. The calculation 
is performed under three sets of the financial parameters including the HEEP default values, 
Germany’s values and Japan’s values. 

5.1.4. Case 4: Japan’s GTHTR300C + S–I 

As presented earlier in Section 3, JAEA has accumulated significant experience and database 
in the engineering design and development of the HTGR-type reactors and the construction and 
operation of the test reactor HTTR. This knowhow has been applied to building the template of 
Case 4. The design of the GTHTR300C + S–I, the underlining system for Case 4, is described 
in Section 3.1.3. The hydrogen production cost estimation for Case 4 using JAEA internal cost 
estimation methodology and database is discussed in Section 3.2. 

TABLE 18. FINANCIAL PARAMETERS CASE 3 HTR-MODUL + SMR GERMANY 

Financial parameter HEEP default Germany Japan 

Discount rate (%) 5 10 3 

Inflation rate (%) 1 1.66 0 

Finance equity:debt (%) 70:30 50:50 0:100 

Borrowing interest (%) 10 5.5 3 

Tax rate (%) 10 28.2 1.4 

Depreciation period (a) 20 20 20 

Hydrogen cost (US $/kg-H2) 

Nominal cost 2.94 3.09 2.63 

Real cost 3.08 3.44 2.63 

 

Table 19 and Fig.s 19 and 20 summarize the results of hydrogen production cost estimation for 
Case 4 (GTHTR300C+IS) using the HEEP program. Using the same set of Japan’s financial 
parameters, the total hydrogen cost is estimated to be 1.88 US $/kg-H2 by the HEEP, which is 
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13% less than the 2.169 US $/kg-H2 (without O2 byproduct credit) estimated with the JAEA 
internal program (see Table 2). Although acceptable, the difference might be attributed in part 
to how HEEP treats the cost share of the cogenerating GTHTR300C as opposed to dedicated 
nuclear hydrogen plant (with hydrogen as the only product from the nuclear plant). In the JAEA 
internal cost estimation, the nuclear reactor and cogenerating hydrogen plant are broken down 
on at component levels and itemized for capital cost estimate, whereas the HEEP approach is 
at plant level. 

 

FIG. 17. Components of nominal cost for Case 3 HTR-Modul + SRM Germany. 

 

 

FIG. 18. Components of real cost for Case 3 HTR-Modul + SRM Germany. 
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TABLE 19. FINANCIAL PARAMETERS CASE 4 GTHTR300C + S–I JAPAN 

Financial parameter HEEP default Japan 

Discount rate (%) 5 3 

Inflation rate (%) 1 0 

Finance equity:debt (%) 70:30 0:100 

Borrowing interest (%) 10 3 

Tax rate (%) 10 1.4 

Depreciation period (a) 20 20 

Hydrogen cost (US $/kg-H2) 

Nominal cost 1.99 1.70 

Real cost 2.16 1.70 

 

 

 

FIG. 19. Components of nominal cost for Case 4 GTHTR300C + S–I Japan. 
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FIG. 20. Components of real cost for Case 4 GTHTR300C + S–I Japan. 

 

 

5.2. Discussion 

The result of cost estimates for the CRP’s four cases that have been examined by this author 
demonstrates that nuclear hydrogen production is potentially cost competitive. The nominal 
costs of nuclear hydrogen are in the range of 1.88–3.21 US $/kg-H2 (Table 20, Japan’s financial 
parameters), which compares to the range of 3.45–6.45 US $/kg-H2 from reforming of fossil 
fuels, 2.67–3.56 US $/kg-H2 from byproduct of coke oven gas, and 3.45~6.45 US $/kg-H2 for 
water electrolysis using renewable energy sources including solar and wind [4]. 

For the three HTGR-based methods, the contribution of nuclear reactor to the final hydrogen 
cost is in the range of 40–65%, less than the 90% for the APWR-based methods. 

The cost estimates of the two HTGR-based S–I process are 3.21 US $/kg-H2 for the twin-reactor 
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factor for the low hydrogen cost of GTHTR300C + S–I is that the hydrogen is produced in the 
cogeneration manner as opposed to the two other systems of dedicated nuclear hydrogen plants. 
The cogeneration lowers the cost of heat and electricity demands by the S–I process hydrogen 
plant. 

Figures 21 and 22 compare the nominal costs of the hydrogen production for the CRP’s four 
generic cases using HEEP default financial parameters, Japan’s financial parameters and 
national finance parameters. The large difference of the costs is mainly due to the significant 
discrepancy among the country-specific financial parameters used. 
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TABLE 20. NOMINAL H2 COST BENCHMARK RESULTS OF CRP FOUR CASES  
(UNIT: US $/kg-H2) 

 Case 1 
Canada 

Case 2 
China 

Case 3 
Germany 

Case 5 
Japan 

Financial 
parameters 

4×2084 MW(th) 
CANDU6 +  
Cu–Cl  
H2 rate: 4.28 kg/s 

2×250 MW(th) 
HTR-PM +  
S–I  
H2 rate: 1.36kg/s 

170 MW(th) 
HTR-Modul + 
SMR  
H2 rate: 6.17 kg/s 

600 MW(th) 
GTHTR300C + 
S–I  
H2 rate: 0.77 kg/s 

Nominal cost 
HEEP default 2.93 2.69 3.27 2.21 
Japan 2.93 2.29 2.92 1.89 
National 5.34 2.73 3.44 1.89 
Real cost 
HEEP default 2.87 2.89 3.43 2.39 
Japan 2.93 2.29 2.92 1.89 
National 3.61 3.19 3.82 1.89 

 

 

 

FIG. 21. CRP benchmark cases of nominal cost. 
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FIG. 22. CRP benchmark cases of real cost. 
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FIG. 23. Impact of nuclear technology options on levelized hydrogen production cost. 

 

FIG. 24. Impact of system design options on hydrogen production cost. 
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6.3. System operation life cycle 

Hydrogen production economics is strongly impacted by the design life or system replacement 
interval of the hydrogen process plant (Fig. 25). Depending on the processes selected, the 
lifetime of the processes and sub-processes may differ considerably in practice. For example, 
conventional electrolysis units are generally limited to 10 years or less before replacement while 
the thermochemical processes are variable from 10 to 40 years, which are limited by such 
factors as design choices, construction material selection and the corrosion rates of these 
materials. This may be highlighted through examining the effect of the S–I cycle life time on 
the levelized cost of hydrogen production system based on high temperature gas reactor. 

 

FIG. 25. Impact of hydrogen plant life cycle on hydrogen production cost. 

6.4. System thermal efficiency 

Hydrogen production economics is also strongly impacted by the progresses of technology 
advancement (Fig. 26). These are concerned both the technology development to improve the 
cost performance of the reactor system, for example to base on latest generations of reactor 
designs, and the continued efforts undertaken to improve the efficiency of hydrogen production 
processes. This may be highlighted through examining the effect of overall system thermal 
efficiency on the levelized cost of hydrogen production system based on high temperature gas 
reactor: 

 

FIG. 26. Hydrogen production sensitivity to the hydrogen plant thermal efficiency. 
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7. CONCLUSION AND RECOMMENDATION 

7.1. Conclusion 

This final report presents the results for a number of case studies performed by JAEA using 
HEEP and JAEA`s internal program. While the details of these studies have been discussed in 
the main body of this report, the most important conclusion drawn from these results are the 
following: 

According to the result of techno-economics for the CRP’s four cases that have been examined 
by this author, nuclear hydrogen production is shown to be cost competitive to other methods 
based on fossil fuels and renewable energy sources. 

The benchmark consistency of the HEEP-calculated results for CRP`s four cases, selected from 
the countries, Canada, China, Germany and Japan, are found to be acceptable. In particular 
based on HEEP default and Japan`s reference financial parameters, the deviation for all CRP`s 
four cases is within 15%. This demonstrates that HEEP can be a reliable tool for techno-
economics assessment. 

The HEEP estimate for Japan’s case GTHTR300C + S–I and using Japan’s financial parameters 
is 1.88 US $/kg-H2, which is 13% less than the cost 2.169 US $/kg-H2, obtained from the 
detailed component level cost evaluation using JAEA’s internal code. This benchmark result is 
well acceptable. 

Based on the benchmark exercise and result obtained by this CSI, HEEP is a user friendly and 
reliable software tool. With continued improvement such as those recommended below, HEEP 
offers the potential to be widely acceptable by Member States in the assessment of hydrogen 
techno-economics not merely in nuclear energy production sector but also for industrial, 
transportation and other application areas. 

Major benefits received from participation in the CRP include: 

Developed a network with the experts in other MSs; 

Improved the capability and usability of the HEEP as a tool for in-house research; 

Developed a journal paper on the economics of hydrogen production through collaborative 
research in the CRP and using the HEEP as an analytical tool. 

 7.2. Recommendation 

Based on the outcome of this CRP, the future activities are recommended for IAEA 
consideration as follows: 

To perform optimization case studies of nuclear hydrogen production, using HEEP and other 
codes, to match country-specific hydrogen application requirements including hydrogen 
storage and transportation; 

To provide milestone recommendations to the MSs now considering development and 
deployment of nuclear hydrogen production; 

To increase the consultation with users and regulators of nuclear hydrogen. 
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Furthermore, regarding the HEEP, IAEA should complete the development of HEEP, taking 
into account of the specific recommendations below that has been developed during the course 
of the CRP, so that the software could be made robust and widely adoptable to Member States 
as a worldwide benchmark in assessing the techno-economics of nuclear hydrogen 
technologies. 

A number of errors and inconsistencies that have been identified in the CRP remain in the 
present version of HEEP and should be corrected in the next release of the software as a major 
output of the CRP. 

IAEA should further keep HEEP updated regularly, to fix bugs identified by users and to reflect 
the rapid paces of technology advances in production, transportation and distribution. 

User interface should be improved and User`s Manual expanded to enhance user friendliness. 

Some input parameters (such as nuclear construction period) of HEEP have little or no effect 
(i.e. depreciation period) on final hydrogen cost. Other input parameters such as cost of 
electricity infrastructure should be redefined and its correct use confirmed as this strongly 
affects the cost of hydrogen from cogeneration reactors. 

Some inconsistencies (i.e. between the capacity factor of nuclear plant and that of hydrogen 
plant. Both should be same for co-located hydrogen plant) exist in the five generic case files. 
They should be corrected and all case files should be updated. 

In addition, the “Technical Meeting for Users of the Hydrogen Economic Evaluation Program” 
held in March 2014 has made 15 specific technical recommendations. They should be timely 
implemented in a new release of HEEP. The new release should be made available to the CRP 
participants for follow-on application and evaluation. 
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1. INTRODUCTION 

Currently, in Pakistan, hydrogen is being used as a feedstock in chemical production, 
petrochemical industry, food processing and pharmaceuticals manufacturing. The largest use 
of hydrogen in the country is for production of ammonia where it is produced from natural gas 
through steam–methane reforming (SMR) process. 

The natural gas resource in the country is limited. At present, gas supply is not meeting its 
demand and dual fuel fired (oil and gas) power plants have to be run on imported furnace oil. 
Also, the production capacity of fertilizer industry is not being fully utilized due to short supply 
of natural gas and the country has to import fertilizer. 

The transport sector of Pakistan is well acquainted with the use of natural gas as fuel and more 
than 2.8 million vehicles carry Compressed Natural Gas (CNG) cylinders [1] and there is a well 
established network of CNG filling stations across the country. Transport sector consumes 8% 
of country’s natural and 51% of the petroleum oil/products [2] which are mainly imported. 
Once the economical hydrogen fuel supply is ensured, it has large potential for penetration in 
transport sector of the country to replace CNG, gasoline and diesel. 

Pakistan has more than five decades’ experience of nuclear technology use in power generation, 
human health, industrial application (i.e. non-destructive testing) and crop mutation. High 
temperature nuclear reactor is a future option for hydrogen production in the country along with 
coal gasification and electrolysis. There is a need to assess the economic competitiveness of 
hydrogen production in Pakistan from nuclear and alternative options. Under this Coordinated 
Research Project (CRP), the study team assesses the economics of hydrogen production in 
Pakistan with the help of IAEA’s software Hydrogen Economic Evaluation Program (HEEP). 

2. HYDROGEN PRODUCTION AND USE IN PAKISTAN 

2.1. Fertilizer industry 

In Pakistan, major use of hydrogen is in the fertilizer industry for production of ammonia. The 
ammonia based fertilizer industry comprises of nine plants with a production capacity of 
8.1 million tonnenes2 per year. These plants are using natural gas as feedstock for producing 

                                                 

2 Installed capacity 6.9 million tonne urea (http://www.thefinancialdaily.com/NewsDetail/149628.aspx accessed 
the webpage on 30-6-2015), 0.637 million tonne Diammonium phosphate (DAP) and 0.5 million tonne Calcium 
Ammonium Nitrate (CAN) 
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ammonia based fertilizers such as urea, di-ammonium phosphate (DAP) and calcium 
ammonium nitrate (CAN). 

The hydrogen produced during the last 15 years in fertilizer industry of the country, estimated 
from feedstock consumption, is given in Table 1. All non-methane components of natural gas 
feedstock, have been ignored in computing hydrogen produced. 

 

 

TABLE 1. HYDROGEN PRODUCED AND USED IN FERTILIZER PRODUCTION 

Year Natural gas used as feedstock Hydrogen produced 
and used 

 Billion cubic feet(a) Thousand tonnes(b) Thousand tonnes(c) 

2000 132.2 2679.8 890 

2001 132.5 2686.8 892 

2002 137.5 2787.4 925 

2003 141.0 2858.3 949 

2004 145.1 2942.5 977 

2005 149.9 3038.6 1009 

2006 155.3 3147.9 1045 

2007 153.5 3111.4 1033 

2008 160.1 3245.3 1077 

2009 162.0 3285.1 1090 

2010 175.6 3560.9 1182 

2011 175.9 3566.6 1184 

2012 168.7 3420.3 1135 

2013 148.8 3016.9 1001 

2014 164.4 3336.9 1108 

(a) Sources: [3] 
(b)  One cubic feet natural gas = 0.0203 kilogram at standard temperature and pressure. 
(c)  In steam–methane reforming (SMR) process one molecule of methane reacts with one molecule of water 
vapour to produce three molecules of hydrogen along with a molecule of carbon monoxide. This chemical reaction 
produces 6 grams of hydrogen from 16 grams of methane (Methane content 88.52% of Sui Gas field has been 
used.) 
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2.2. Petroleum refinery 

The quantities of processed crude oil and estimated hydrogen produced/used over the last 15 
years in petroleum refining sector of the country is given in Table 2. The assumed quantity of 
hydrogen use per barrel of crude oil processed, 150 cubic feet, is average of the specific 
hydrogen consumption range cited for US refineries [4]. 

TABLE 2. HYDROGEN PRODUCED AND CONSUMED IN PETROLEUM REFINERY 

Year Crude oil processed Hydrogen produced and used 

 Million barrels(a) Million cubic feet(b) Thousand tonnes(c) 

2000 46.8 7017 18 

2001 63.7 9549 24 

2002 69.0 10 355 26 

2003 74.5 11 178 28 

2004 80.0 12 001 31 

2005 86.6 12 989 33 

2006 86.8 13 013 33 

2007 85.8 12 876 33 

2008 89.2 13 387 34 

2009 82.0 12 295 31 

2010 74.5 11 182 28 

2011 75.3 11 290 29 

2012 70.0 10 506 27 

2013 81.9 12 285 31 

2014 89.6 13 440 34 

(a)  Source: [3] 
(b)  Based on average hydrogen consumption for crude refining in refineries, i.e. 100–200 standard cubic feet 
per barrel of oil [4]. 
(c)  Hydrogen density at STP = 0.08988 kg/m3 

2.3. Other industries 

On small scale, hydrogen is also used in various industries of Pakistan other than fertilizer 
production and petroleum refining (Table 3). 
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3. PROJECTION FOR HYDROGEN DEMAND IN PAKISTAN 

3.1. Fertilizer industry 

During 2014, ammonia based fertilizers off-take of Pakistan was; urea 5742 thousand tonnes, 
di-ammonium phosphate 1658 thousand tonnes, and calcium ammonium nitrate 519 thousand 
tonnes [2, 5]. The fertilizer production was lower than the installed capacity due to short supply 
of natural gas and fertilizer demand was met through imports. 

TABLE 3. HYDROGEN PRODUCED AND CONSUMED IN PETROLEUM REFINERY 

Industry Uses 

Chemical For manufacturing of chlorine, nitric acid, hydrogenation of non-
edible oils (for manufacturing of soaps), insulation, plastics, 
ointments and other chemicals 

Food processing To hydrogenate oils (i.e. soybean, cottonseed and corn oil) 

Metal production and 
fabrication 

To create a protective atmosphere in high-temperature operations, 
such as stainless steel manufacturing 

Glass manufacturing To create a protective atmosphere for float glass production 

Pharmaceuticals For manufacturing of cosmetics and vitamins 

Power generation For cooling of turbo-generators and to protect piping 

 

Fertilizer requirement depends upon various factors such as the area under crops, cropping 
intensity, crop pattern and irrigation levels. Figure 1 shows the projection of fertilizer use per 
hectare for Pakistan on the basis of trend of the last 20 years. Following assumptions have been 
made for projections of fertilizer demand in the country. 

Increase in cultivated area form 22.0 million hectare at present to 23.5 million hectares by 2050. 

Increase in fertilizer consumption from the current average of 175 nutrient kilograms per 
hectare to 350 nutrient kilograms per hectare by 2050. 

With above mentioned assumptions, the fertilizer demand increases from 3.9 million nutrient 
tonnes in 2012 to 8.2 million nutrient tonnes in 2050 requiring 325.2 billion cubic feet natural 
gas requirement for fertilizer industry feedstock (Table 4). 

The future demand of hydrogen in the fertilizer industry of country corresponding to the 
feedstock use is given in Table 4. 
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FIG. 1. Per hectare fertilizer demand in Pakistan [5, 6]. 

 

TABLE 4. FEEDSTOCK DEMAND FOR FERTILIZER PRODUCTION [3, 6] 

 Cultivated 
area 

Fertilizer use Gas feedstock demand Hydrogen 
demand 

 Million 
hectare 

Nutrient 
kg/hectare 

Thousand 
nutrient 
tonnes(a) 

Billion 
cubic feet(b) 

Thousand 
tonnes 

Thousand 
tonnes 

2012(c) 22.0 175 3850 152.2 3090 1159 

2015 22.2 180 3996 158.0 3207 1203 

2020 22.3 200 4460 176.3 3580 1342 

2025 22.5 240 5400 213.5 4334 1625 

2030 22.7 280 6356 251.3 5102 1913 

2035 22.9 320 7328 289.7 5882 2206 

2040 23.1 330 7623 301.4 6119 2294 

2045 23.3 340 7922 313.2 6359 2384 

2050 23.5 350 8225 325.2 6602 2476 

(a)  1 nutrient tonne = 0.035 million cubic feet 
(b)  1 cubic feet natural gas is equal to 0.0203 kilogram at standard temperature and pressure, and 16 grams of 
methane produce 6 grams of hydrogen. Methane content of Sui Gas field (88.52% methane) has been used for 
estimation of natural gas demand. 
(c)  Includes imported nutrients 
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3.2. Transport sector 

The transport sector has a large potential for hydrogen use. At present, transport sector 
consumes 8% of country’s natural gas and 51% of oil demand. Pakistan depends on imported 
oil for 80% of its oil needs and is experiencing supply shortage of natural gas. Transition of 
transport sector to hydrogen fuel can reduce reliance on imported natural gas and oil to a large 
extent. 

3.2.1. 3.2.1 Energy demand for transport sector 

Energy demand of transport sector has been estimated by projecting the activity data of 
country’s transport sector [6]. Transportation activities in the country have been divided into 
four categories: (i) freight transportation, (ii) intercity passenger transportation, (iii) urban 
passenger transportation, and (iv) miscellaneous transport (includes government activities). The 
energy demand for freight transport has been determined by value added of freight producing 
sectors (manufacturing, agriculture, energy, and mining) and fuel use per vehicle per kilometer. 
The demand for passenger transport has been determined using population data, average 
distance travelled per person, number of passengers per vehicle, average distance driven per 
vehicle per year, fuel use per vehicle per kilometer, etc. The fuel use in miscellaneous transport 
has been projected with regression analysis of historical energy data of this sector with total 
Gross Domestic Product (GDP). It has been assumed that the fuel economy (fuel use per vehicle 
per kilometer) will improve by 10% during the next four decades because of the expected 
improvement in vehicles technology. Tables 5 summarizes the projections of transport activities 
by 2050 for estimation of future energy needs in the sector. 

 

TABLE 5. ACTIVITY LEVELS AND SHARES IN TRANSPORTATION [6] 

Year Freight Urban passenger Intercity passenger 

 Total activity 
(Billion 
tonne-km) 

Average 
distance 
traveled 
(km/person/ 
day) 

Total activity 
(Billion 
passenger-km) 

Average 
distance 
traveled 
(km/person/ 
day) 

Total activity 
(Billion 
passenger-km) 

2012 132 13.7 194 806 144 

2015 158 14.6 224 878 167 

2020 197 16.2 284 1014 211 

2025 222 17.9 356 1171 263 

2030 282 19.9 439 1351 324 

2035 354 22.0 539 1560 397 

2040 450 24.4 661 1801 485 

2045 583 27.1 808 2079 591 

2050 770 30.0 986 2400 720 
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Estimates of energy demand based on the activity projections pf the transport sector are given 
in Table 6. Energy demand in transport sector is estimated to increase from 10.68 million TOE 
in 2012 to 52.55 million TOE in 2050. 
 

TABLE 6. ACTIVITY LEVELS AND SHARES IN TRANSPORTATION [6] 

 2012 2013 2015 2020 2025 2030 2035 2040 2045 2050 

Electricity 0.02 0.02 0.02 0.03 0.03 0.04 0.06 0.08 0.10 0.14 

Diesel(a) 3.96 3.88 4.70 5.86 6.71 8.44 10.54 13.30 17.04 22.15 

Gasoline 3.11 3.74 3.58 4.54 5.62 6.91 8.44 10.28 12.44 14.60 

Jet fuel 0.49 0.48 0.57 0.72 0.90 1.11 1.35 1.63 1.96 2.35 

CNG 2.78 2.35 3.31 4.19 5.07 6.19 7.43 8.83 10.33 11.93 

Misc. fuels 0.31 0.33 0.35 0.43 0.52 0.63 0.77 0.94 1.14 1.39 

Total 10.68 10.8 12.53 15.77 18.86 23.32 28.59 35.06 43.00 52.55 
(a)  Excluding agriculture tractors 

3.2.2. Hydrogen demand (substitution) in transport sector 

Hydrogen can either be used directly in internal combustion engine vehicles or in fuel cell 
vehicles. First internal combustion engine based on hydrogen and oxygen mixture, was built by 
Francois Isaac de Rivaz in 1806 [7]. In a later development of 1970, a gasoline-powered internal 
combustion engine was modified to run on hydrogen fuel. Existing internal combustion 
gasoline engines can be modified for hydrogen combustion at a cost of around 1.5 times the 
cost of gasoline engines [7]. 

Mazda has developed Wankel engines that burn hydrogen [8] and BMW has tested a supercar 
BMW Hydrogen-7 powered by hydrogen internal combustion engine [9]. Hyundai Motor 
Company of Republic of Korea has produced first fuel cell car and has a target to produce 1000 
similar cars by 2015 [10]. Hydrogen filling stations are operational in USA, UK, Italy, France, 
Slovenia and Finland etc. Many countries have set near term targets for deployment of hydrogen 
transport infrastructure. In this study, transition of transport sector in Pakistan from 
gasoline/CNG to hydrogen fuel is assumed to start in 2025 when internal combustion engine 
based on hydrogen and fuel cell technology will be deployed in various countries. 

Construction of hydrogen supply infrastructure for transport sector of Pakistan is assumed to 
start in 2025. Hydrogen demand will gradually build up to replace 20% of transport fuels by 
2050. The hydrogen supply infrastructure is assumed to replace 3% transport fuel by 2020–25, 
7% by 2025–30, 10% by 2030–35, 13% by 2035–40, 16% by 2040–45 and 20% by 2045–50. 
The estimated demand of hydrogen in transport sector is given in Table 7. 

3.3. Petroleum refinery 

The estimated hydrogen demand in petroleum refining sector of the country by 2050 is given 
in Table 8. Future demand of crude oil in refineries is estimated considering the replacement of 
some oil products with hydrogen fuel. The crude oil demand is assumed to increase at an 
average rate 3.0% per annum during 2012 to 2020, 2.5% per annum during 2020–2030, 2.0% 
per annum during 2030–2040 and 1.0% per annum during 2040–2050. 
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TABLE 7. HYDROGEN DEMAND IN TRANSPORT SECTOR OF PAKISTAN [6] 

Year Final energy demand  
(exclude jet fuels, fuel oil and diesel 
for agriculture tractors) 

Assumed 
transition to 
hydrogen fuel 

Hydrogen 
demand 

Million TOE Tera Joules(a) Thousand tonne(b) 
2012 10.19 409 515 - - 

2015 11.96 480 648 - - 

2020 15.07 630 951 - - 

2025 17.96 751 949 3% 186 

2030 22.22 930 307 7% 538 

2035 27.29 1 142 578 10% 944 

2040 33.46 1 400 903 13% 1505 

2045 41.00 1 716 588 16% 2270 

2050 50.35 2 108 054 20% 3484 

(a)  One tonne of oil equivalent (TOE) = 41.868 Giga Joules 
(b)  Calorific value of hydrogen = 121 Mega Joules per kilogram 

 

TABLE 8. HYDROGEN DEMAND IN PETROLEUM REFINERY SECTOR OF PAKISTAN 

Year Refineries crude demand Hydrogen demand 

Million barrels(a) Billion cubic feet(b) Thousand tonnes(c) 

2012 70.0 10.5 26.7 

2015 76.5 11.5 29.2 

2020 86.8 13.0 32.9 

2025 98.2 14.7 37.2 

2030 111.1 16.7 42.1 

2035 122.7 18.4 46.5 

2040 135.4 20.3 51.4 

2045 142.3 21.3 54.0 

2050 149.6 22.4 56.7 

(a)  1 tonne crude oil = 7.454 barrels 
(b)  150 cubic feet of hydrogen use per barrel of oil production [4] 
(c)  0.00253 kilogram per cubic feet hydrogen density 
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3.4. Total hydrogen demand projections for Pakistan 

Based on the assumptions described in Sections 3.1, 3.2 and 3.3, hydrogen demand in the 
country increases from 1200 thousand tonnes in 2012 to 6096 tonnes in 2050 at an average 
annual growth rate of around 4.4% by 2050 (Table 9). 

 

TABLE 9. TOTAL HYDROGEN DEMAND IN PAKISTAN (UNIT: 103 t) 

Year Fertilizer 
industry(a) 

Transport Oil refining Other use(b) Total 

2012 1159  27 14 1200 

2015 1203  29 16 1248 

2020 1342  33 18 1394 

2025 1625 186 37 23 1873 

2030 1913 538 42 30 2523 

2035 2206 944 47 38 3235 

2040 2294 1505 51 49 3900 

2045 2384 2270 54 62 4771 

2050 2476 3484 57 80 6097 

(a)  Include imported nutrients 
(b)  Include only vegetable oil hydrogenation, hydrochloric acid and hydrogen per oxide requirements 

 

4. ECONOMIC EVALUATION OF HYDROGEN PRODUCTION 

4.1. Hydrogen penetration in energy sector and industrial feedstock market 

Market penetration of a new energy source or a technology depends on various factors such as 
cost economics, national energy policy, availability of alternative resources, local tax policy, 
etc. Cost economics is usually the most influencing factor for selection and deployment of a 
new energy source and technology. Hydrogen is considered a future feasible energy source, 
particularly for transport sector and use for feedstock in industrial processes to replace fossil 
fuels. Currently, in Pakistan, hydrogen is mainly produced through steam reforming of natural 
gas and in short term, hydrogen will continue to be produced by the same method. Pakistan has 
large coal resources, 186 billion tonnes, of which more than 90% belongs to Thar coalfield 
alone. Thar coal is of lignite quality with high moisture content and its heating value ranges 
from 6200 to 11 000 BTU/lb. Government has planned to exploit Thar coal resources on large 
scale for power generation. 

To meet the long term hydrogen demand in the country, additional technologies and processes, 
including nuclear energy, would have to be used for hydrogen production. It is expected that 
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High Temperature Reactor (HTR) for hydrogen production would be commercially available 
beyond 2025 [11]. Therefore, along with coal gasification, nuclear power based hydrogen 
production technologies are expected to penetrate the hydrogen market at large scale. 

4.2. Methodology 

Hydrogen Economic Evaluation Programme (HEEP), developed by International Atomic 
Energy Agency (IAEA), has been used to assess various options for hydrogen production, 
storage and transport in the country. HEEP provides user-friendly interface to input technical 
and economic parameters of each of these activities. The post processing module provides 
results both in graphical and tabular formats. 

4.3. Options analyzed 

4.3.1. Hydrogen production 

Currently, in some countries, off-peak nuclear power is being used for hydrogen production 
through water electrolysis, which is not an efficient process. More efficient water splitting 
processes, such as sulfur–iodine (S–I) and high temperature steam electrolysis (HTSE) require 
process temperatures of 700–1000 °C [12]. These temperatures are too high for current 
generations of light water nuclear reactors. High temperature reactors are currently being 
researched to attain higher temperatures necessary for efficient production of hydrogen from 
water. In addition to the water splitting processes, the high temperature nuclear heat is expected 
to supplement the fossil fuel, in the steam reforming processes for hydrogen production. 
Currently, in Pakistan, electricity supply is short and expensive, even in off-peak hours, so this 
option is not being considered in this study. Following three options for hydrogen production 
using nuclear energy have been analyzed with the help of HEEP. 

Nuclear reactor coupled sulfur–iodine (S–I) process 

Nuclear reactor coupled high temperature steam electrolysis (HTSE) process 

Nuclear reactor coupled steam–methane reforming (SMR) process 

In addition to these options, for comparison, natural gas based conventional SMR and coal 
gasification for hydrogen production have also been analyzed. 

4.3.2. Hydrogen storage 

Storage of hydrogen also incurs high cost in the hydrogen supply chain. Economics of following 
hydrogen storage options have been evaluated. 

Compressed gas containers 

Cryogenic containers 

4.3.3. Hydrogen transportation 

Hydrogen is a low density gas and it has special chemical and physical characteristics. That 
makes hydrogen transportation and storage an expensive activity. For hydrogen transport 
following options have been analysed: 
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Compressed hydrogen gas tube trailer 

Liquid hydrogen truck 

Pipeline 

This study builds upon the Base Cases which are the cases based on the best available techno-
economic data and assumptions for hydrogen production, storage and transport. Impacts of 
major factors affecting the economics of Base Cases have been analyzed. 

5. HEEP INPUT DATA AND MAIN ASSUMPTIONS 

There is limited research and development work on hydrogen production technologies in 
Pakistan and the country specific cost data of hydrogen production and distribution is not 
available. So, the data used for this research study has been prepared with the help of 
international literature. However, efforts have been made to adjust international data according 
to the local situation. 

HEEP model provides option to select any currency unit for economic analysis. Once the 
currency unit is selected, all subsequent inputs must be in the same currency. Since the plant 
machinery, equipment and the fuels are mainly imported therefore US $ has been selected 
currency for this study. The reference currency year is 2014 and all the cost data borrowed from 
literature has been adjusted to the reference year (i.e. 2014) using the Chemical Engineering 
Plant Cost Index (CEPCI) which is regularly published in Chemical Engineering magazine [13]. 

5.1. Economic and financial data 

Economic and financial parameters used in this study are given in Table 10. 

There is no tax on nuclear and renewable energy generation in the country [14]. It has been 
assumed that there will be zero tax on all hydrogen production plants. 

 

TABLE 10. ECONOMIC AND FINANCIAL ASSUMPTIONS 

Economic parameters Value 

Discount rate 8% 

Inflation rate 5% 

Equity component 20% 

Debt component 80% 

Borrowing interest rate 8% 

Tax rate 0% 

Depreciation period  20 a 
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The assumed life of hydrogen production facility is 40 years. This assumption applies to both 
nuclear reactor and the coupled hydrogen production plants. There is no mid-life refurbishment 
and it has been assumed that the O&M costs cover replacement costs of the life limiting 
components. Based on the experience of life extensions of the currently operating nuclear plants 
worldwide, life of the nuclear coupled hydrogen production facility is expected to extend well 
beyond 40 years of assumed life in Base Cases. 

The inflation and discount rates have significant impact on economics of capital extensive 
projects. The assumed rates for the Base Case analysis have been derived from the rates used 
for large infrastructure projects being financed in the country. Since interest rate depends on 
many factors, sensitivity analysis has been performed to cover the interest/discount rate 
uncertainties. 

5.2. Nuclear power plant 

High-Temperature Reactor (HTR), a Generation IV reactor concept, is an emerging technology 
for electricity production along with other industrial applications of nuclear heat including 
hydrogen production. Studies show that nuclear coupled high temperature steam electrolysis 
(HTSE), thermo-chemical sulfur–iodine (S–I) and steam–methane reforming (SMR) processes 
have promising outlook for near and medium term deployment for hydrogen production. For 
higher efficiencies, these processes require higher process temperature than core outlet 
temperatures of current HTR designs. Research and development is underway to attain reactor 
operating temperatures suitable for hydrogen production applications. 

For this study, the reference high temperature reactor is a 2×250 MW(th) pebble bed modular 
reactor (HTR-PM) with core outlet temperature 750 °C. Although initial design of the HTR-PM 
targets the core outlet temperature of 750 °C, however, with the demonstration of continuous 
50-day operation of high temperature engineering test reactor at 950 °C in Japan [15], 
temperatures up to 950 °C are also anticipated for later designs of the HTR-PM reactor. 

Efficiency of the hydrogen production increases significantly as core outlet temperature is 
increased from 750 °C to 1000 °C [16]. There is no optimal core outlet temperature for a reactor 
as the optimum core outlet temperature of a reactor depends on the hydrogen production plant 
coupled to the nuclear reactor. Recent studies assess an optimal steam–methane reforming 
process temperature between 760 °C to 880 °C [16]. For reactor heat supply at 950 °C (900 °C 
process temperature) no topping heat is required and reactor heat is sufficient for the entire 
reforming process [17]. Optimum process temperature for an HTSE plant has been estimated 
around 800 °C [18]. At 950 °C process temperature, the efficiency of S–I process is around 
55% and the S–I plant efficiency reduces steeply with decrease in process temperature [24]. 

The optimal use of an HTR reactor for co-production of hydrogen depends on its core outlet 
temperature. The reactors having higher core outlet temperatures without power cycle are more 
compatible with hydrogen production [18]. At lower temperatures a power cycle along with 
hydrogen production is expected to be a more likely configuration. Size of a power plant in co-
production configuration depends on the coupled hydrogen production plant. In this study, the 
sizes of the coupled power and hydrogen production plants have been estimated from the data 
reported in literature using the interpolation techniques. 

In this study, nuclear reactors with core outlet temperatures 850 °C, 900 °C, and 950 °C are the 
assumed Base Case nuclear energy systems for coupling of the HTSE, SMR and S–I hydrogen 
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production plants, respectively. A total temperature drop of 50 °C has been assumed for the two 
heat exchangers located between primary and secondary loops. 

5.2.1. Model for estimation of hydrogen generation cost 

Techno-economic parameters of the Base Cases nuclear reactors have been derived from the 
reference nuclear plant parameters. 

Capital cost of the under construction 211 MW(e) (2×250 MW(th)) HTR-PM power plant 
reported by the Department of Commerce of Shandong Province is 3 billion RMB [19] that is 
equivalent to 476 million US $ at exchange rate of 1 US $ = 6.3 RMB. The reported data of 
some recent contracts show that the overseas investment cost of nuclear power plants are higher 
than the cost of similar plants in the vendor countries. So, this study adopts the officially 
reported capital cost of the nuclear power project in vendor country as reference and uses the 
cost factor 1.5 to estimate construction cost of the plant in recipient country. The estimated 
construction cost of the reference 211 MW(e) plant, used in this study, is thus 3400 US $/kW(e). 
Cost of conventional island of the reference plant is around 12% of the total plant cost [22]. For 
hydrogen production plants where, conventional island is not required, capital cost of the HTR-
PM plant has been reduced by 12%. The intermediate heat exchange loop adds around 9% of 
the nuclear power plant cost [23]. 

The above given cost estimates are applicable for the reference plant with core outlet 
temperature of 750 °C. Capital costs of nuclear power plants coupled with HTSE, S–I and SMR 
are further increased, over the reference plant cost, as these systems operate at higher 
temperatures than 750 °C and increase in core outlet temperature will increase the cost of plant. 
Higher core outlet temperatures need special construction materials and processing, resulting 
in higher equipment costs. The efficiency of S–I process decreases sharply with decrease in 
temperature. Efficiency of the S–I process is around 52% at 900 °C process temperature that 
decreases to 42% at 825 °C. Efficiency of the process further reduces to around 27% at 750 °C 
[24]. Efficiency of the HTSE process approaches 65% at temperature around 950 °C and 50% 
efficiency can be achieved at core outlet temperature above 850 °C [24]. Two approaches have 
been suggested in literature to achieve desired temperature and to estimate cost of hydrogen 
production process: 

Increase costs of HTR-PM nuclear reactor of higher core temperatures. This increases both 
capital and O&M costs. 

Use of topping heat from natural gas (or any other fuel), over the reactor heat to achieve required 
process temperatures. Cost of fuel, capital cost associated with topping heat equipment and 
O&M of the facility will be added to the system. 

In this study, the first option has been analyzed as Base Case. As there are technological limits 
to the higher core outlet temperatures so, the core outlet temperatures below 1000 °C are mostly 
being investigated by researchers for hydrogen production with nuclear reactor. This study 
assumed Base Cases core outlet temperatures 850 °C for HTSE, 900 °C for SMR and 950 °C 
for S–I hydrogen production plants. 

Capital, O&M and fuel costs of HTR have been increased, in this study, to account for the 
higher cost of special materials and replacement costs. This study adopts the [24] scheme to 
account for the higher investments associated with the special materials where plant cost is 
increased by 5% for every 75 °C rise in core outlet temperature. As the fixed O&M cost of 
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nuclear and hydrogen plants are linked to the capital cost in HEEP model, so the temperature 
related O&M cost adjustments are not required. 

Table 11 gives the estimates of capital costs of the reference 2×250 MW(th) HTR-PM plants 
and adjusted capital cost for different core outlet temperatures of Base Case reactors. 

The capital cost of nuclear reactor has been estimated using the best available cost data. 
However, uncertainties are always there, starting from inception of a project to its 
implementation and thereafter. That significantly impacts the cost of hydrogen production. 
Hence, in this study, analysis has been carried out on capital cost sensitivity of nuclear reactor. 

5.2.2. Operation and maintenance (O&M) cost 

O&M costs include expenditure on staff, electricity, spares, licensing, labor, etc. Some O&M 
costs are fixed while others are variable. O&M costs for the nuclear power plant have been 
estimated with following assumptions. 

85% capacity factor for HTR and the coupled hydrogen production facilities. 

The fixed O&M cost is based on the staffing pattern of the currently operating nuclear power 
plants in the country. The fixed O&M cost is estimated as 2.4% of the capital cost of the reactor. 

Estimated variable O&M cost, 0.7% of the reference plant capital cost, is of the same order as 
estimated by United States’ Electric Power Research Institute (EPRI) for HTR nuclear power 
plants [24]. 

 

 

TABLE 11. COST OF REFERENCE HTR NUCLEAR PLANT OF 2×250 MW(th)  
(UNIT: MILLION US $) 

 Core outlet temperature (°C) 

750 
(Reference) 

850 900 950 

Capital cost of nuclear power plant 718 762 788 814 

Cost of nuclear reactors without electricity 
generation (Row1×0.88) 

630 671 693 716 

Intermediate loop cost (Row1×0.09) 65 69 71 73 

Capital cost of heat supply system 
(Row2+Row3) 

696 740 764 789 

Total capital cost (Row1+Row 3) 782 831 858 887 
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5.2.3. Fuel cost 

Fuel of the reference HTR-PM reactor is embedded in graphite pebbles of 60 mm diameter. 
The reactor core of each unit contains 420 000 fuel pebbles and each pebble has 7 g of 8.5% 
enriched UO2 [21]. The reactor is fueled on-line and fuel handling machine of each reactor 
replaces around 400 spent pebbles per day. At higher operating temperatures, the fuel is 
anticipated to have shorter fuel life and the higher fuel content resulting from the lower 
reactivity [24]. 

The fuel cost estimates of HTR reactor in China, Japan and Germany are 4800 US $/kg, 
5800 US $/kg and 11 000 US $/kg, respectively [34]. For estimation of fuel cost, it has been 
assumed that the specific fuel fabrication cost of HTR-PM is same as that of the PWR type fuel. 
The cost estimates are 4800 US $/kg using the current reported prices of fuel cycle materials 
and services [44]. Annual fuel requirement and the estimated fuel cost for various core outlet 
temperatures are given in Table 12. 

 

TABLE 12. NUCLEAR REACTOR FUEL COST PARAMETERS 

 Core outlet temperature (°C) 

750 
(Reference) 

850 900 950 

Core fuel inventory per unit (kg) 2950 2950 2950 2950 

Annual fuel input per unit (kg) 1014 1083 1118 1155 

Fuel cost (US $/kg) 4800 4800 4800 4800 

 

The fuel cycle cost of the HTR-PM with core outlet temperature 750 ºC, serves as a reference. 
For higher core outlet temperatures, fuel cost has been increased by 5% for each 75 ºC increase 
in core outlet temperature. 

5.2.4. Electricity cost 

The electricity load of S–I plant is small so in this case the nuclear reactor has no electricity 
generating infrastructure. For the nuclear reactor without turbine generator, the electricity is 
required from external source. The estimated house load for the HTR-PM power reactor based 
on EPRI data [24] is 7.8 kW(e) per MW thermal capacity. The electricity required for the plant 
operation will be purchased from national grid. Average electricity price 100 US $ per MWh 
for the year 2014 in the country has been assumed for this study. 

Electricity requirement in HTSE plant is high so the nuclear reactor in this case supplies both 
heat and electricity. 

The nuclear reactor coupled with SMR plant is also assumed to have electricity generation 
infrastructure. 
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5.2.5. Decommissioning cost 

At present, 0.1 cent per kWh decommissioning levy is being charged on PWR type reactors in 
the country. Estimated annual decommissioning funds based on this levy is around 0.26% of 
the capital cost. The reported decommissioning cost of the Ignalina nuclear power plant is 2.5 
billion € or 3.37 billion US $ [25]. Based on the Ignalina cost estimates, scaled up 
decommissioning cost for the 2×250 MW(th) reactor is estimated as 412 million US $ which is 
around 63% of the reactor cost. Annual decommissioning cost for the assumed 10-year 
construction period of the reference plant is 6.3% of the capital cost. The same annual 
decommissioning cost estimates have been used for the nuclear reactors operating at higher 
temperatures. Table 13 gives chronological parameters used for estimation of decommissioning 
cost of nuclear power plant. 

TABLE 13. ASSUMPTIONS FOR DECOMMISSIONING OF NUCLEAR REACTORS 

Parameters Value 

Cooling before decommissioning 40 a 

Decommissioning period 10 a 

Cooling period for spent fuel 2 a 

Cooling period before disposal of nuclear waste 10 a 
 

In Table 14, techno-economic data of the 2×250 MW(th) reactors used for the Base Case 
hydrogen production plants is given in HEEP input format. 

TABLE 14. TECHNO-ECONOMIC DATA OF HTR PLANT FOR HYDROGEN PRODUCTION 

Hydrogen production technology HTSE SMR S–I 

Core outlet temperature (°C) 850 900 950 

Thermal rating of the plant (MW(th)) 2×250 2×250 2×250 

Thermal power for hydrogen plant (MW(th)) 39 297 500 

Net electricity rating (MW(e)) 179 78 - 

Initial fuel load (kg) per reactor unit 2950 2950 2950 

Annual fuel load (kg) per reactor unit 1083 1118 1155 

Overnight cost (Million US $) per reactor unit 416 429 395 

Electricity generating infrastructure (% of CC) 12 12 0 

Cost of finished fuel (US $/kg) 4800 4800 4800 

Annual O&M cost (% of CC) 3.1 3.1 3.1 

Annual decommissioning cost (% of CC)  6.3 6.3 6.3 
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5.3. Cost estimates of hydrogen production plants 

Capital investment, operation & maintenance, fuel and feedstock are the main components of 
hydrogen generation cost. Main factors affecting capital cost include size of the plant, inflation 
and materials. In this study, plant costs have been estimated from data published in literature 
and where required, the costs have been scaled for size and inflation. Capacity (size) has been 
adjusted by six-tenth rule [26] and inflation has been attained with the help of Chemical 
Engineering Plant Cost Index (CEPCI). Costs of intermediate heat transfer loop and electricity 
production system have been included in the nuclear reactor cost. However, the cost of topping 
heat equipment, where required, has been included in the hydrogen generation plant cost. 

Major O&M costs include electricity, chemicals and equipment replacement, natural gas, labor, 
taxes, levies, water charges, etc. In HEEP, electricity cost is a separate input parameter and heat 
is derived from coupled nuclear reactor. All other costs are collectively put in as a percentage 
of the capital cost. 

Steam, oxygen and carbon dioxide are common byproducts of the hydrogen production 
processes and quantity of these byproducts depends on the hydrogen production process. These 
products have economic value however to produce these products of desired quality, additional 
costs are also involved. This study ignores the costs and revenues of byproducts of all hydrogen 
production plants. 

Annual decommissioning cost of all the hydrogen production plants coupled to nuclear power 
plant are assumed as 10% of the capital cost of plant. Decommissioning costs for all those 
hydrogen plants which are not coupled to nuclear plant have been ignored. 

Capacity factor of the whole hydrogen production facility is assumed 85%. 

5.3.1. Sulfur–iodine (S-I) system coupled with nuclear plant 

There is a wide variation in capital cost estimates of S-plant reported in literature. Capital cost 
of a 768 t/d hydrogen production plant, working at 900 °C, was 654 million US $ in 2004 prices 
[24] which is equal to 3.08 US $ per kg/a in 2014 prices. Capital cost of a 584 t/d hydrogen 
production plant, working at 850 °C, was 643 million US $ [27] which is equivalent to 4.47 US 
$ per kg/a in 2014 prices. The cost of S–I plant in China is 5.0 US $ per kg/a [24] and in Japan 
10.17 US $ per kg/a capacity [28]. In this analysis, specific capital cost 5.0 US $ per kg/a for 
the S–I hydrogen generation plant has been used. 

The electricity load of S–I plant is small, therefore, the nuclear reactor has no electricity 
generating infrastructure and the electricity required for the plant operation will be purchased 
from national grid. The power requirement estimates the 2×250 MW(th) HTR-PM coupled S–
I system are 20 MW(e) [21] which is equivalent to 71 kW(e) per MW(th) heat rejected to 
cooling tower assuming 44.3% process efficiency. EPRI [24] estimates 75 MW(e) power 
consumption both for the house load of 2400 MW(th) reactors and the coupled S–I system. This 
electricity covers both house load of reactors and requirements of S–I plant: 25% goes to reactor 
house load whereas 75% goes to S–I plant [24]. EPRI data has been used to estimate electricity, 
heat and water requirements in this study (Table 15). 

The estimates of annual materials, equipment and services costs are 4% and staffing cost are 
3% of the capital cost [24]. Another estimate for O&M cost of an S–I plant is 7.88% of the 
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capital cost [29]. The O&M cost estimates reported by both EPRI and Schmid are of the same 
order so other O&M cost assumed for this analysis is 7.5% of the plant capital investment. 

Some technical parameters of the S–I plant are listed in Table 15. Operating temperature is key 
driver for the process efficiency and consequent production capacity of an S–I hydrogen 
production plant. Estimated production capacity of the Base Case plant operating at 900 °C 
process temperature is 68 thousand tonnes per year. 

TABLE 15. ESTIMATED HYDROGEN PRODUCTION AND ELECTRICITY REQUIREMENTS 
OF THE S–I PLANT [24] 

Core outlet temperature 950 °C 

Process temperature 900 °C 

S–I process efficiency 52% 

Hydrogen production capacity 2.17 kg/s or 68 000 t/a 

Specific thermal energy requirements 7.32 MW(th) per thousand t/a 

Electricity requirements 69 kW(e) per MW(th) heat rejected to cooling tower 

5.3.2. HTSE plant coupled with nuclear plant 

According to EPRI [24], capital cost of a 691 tonnes/day hydrogen production plant working at 
850 °C was 886 million US $ in 2004 prices which is equal to 4.65 US $ per kg/a in 2014 prices. 
INL [30] capital cost for the 175 t/d air swap cycle plant at 775 °C process temperature was 203 
million US $ in 2009 prices which is equal to 3.39 US $ per kg/a in 2014 prices. This study 
adopts specific capital cost of INL air sweep cycle at 800 °C and assumes 5% cost increase for 
each 75 °C rise in operating temperature. Some technical parameters of HTSE plant are listed 
in Table 16. 

TABLE 16. TECHNICAL PARAMETERS OF NUCLEAR COUPLED HTSE HYDROGEN 
GENERATION PLANT [30] 

Reactor outlet temperature 850 °C 

Process temperature 800 °C 

Hydrogen production capacity 46 000 tonnes/a 

Process thermal power requirement 39 MW(th) 

Turbine thermal power 461 MW(th) 

Electricity generation efficiency 38.8% 

Power required for electrolysis 179 MW(e) 

 

The EPRI estimated O&M cost increases from 6.4% to 8.1% of the plant capital cost as 
operating temperature increases from 850 °C to 1000 °C [24]. 
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INL breakdown of O&M cost estimates of HTSE plant as percentage of plant cost are: labor 
cost 1.15%; cell replacement ~5% which varies slightly with operating temperature; other 
maintenance costs 3% [31]. The O&M cost used in this study is based on INL estimates. 

Specific electricity requirement for HTSE operating at 850 °C reactor outlet temperature is 3.9 
MW(e) per kilotonne/year hydrogen production capacity. HTSE hydrogen plant has high 
electricity requirement and low heat load, so in this case the nuclear reactor supplies both heat 
and electricity. The electricity generation is through steam cycle and the steam cycle 
efficiencies at various core outlet temperatures have been estimated with the help of INL [32]. 

The cell replacement cost, based on the INL estimates [8], is around 0.11 US $ per kilogram 
hydrogen production. Summary of estimates of the specific consumables requirements for 
HTSE system is listed in Table 17. 

TABLE 17. ESTIMATES OF SPECIFIC CONSUMABLES (ONE KILOTONNE/ YEAR CAPACITY) 
FOR HTSE PLANT [30] 

Reactor outlet temperature 850 °C 

Process temperature 800 °C 

Power requirements 3.9 MW(e) per 103 t/a 

Heat requirements 0.847 MW(th) per 103 t/a 

Water requirements 0.282 L/s 

 

5.3.3. SMR plant coupled with nuclear plant 

The specific reactor heat utilization varies with reactor outlet temperature. The reactor specific 
thermal power input is around 0.4 MW(th) per kilotonne/year hydrogen production capacity at 
800 °C process temperature and at 900 °C it is 1.5 MW(th) [18, 24]. SMR plant operating at 
900 °C eliminates the need for topping heat where nuclear heat alone is adequate to provide the 
desired reforming temperature [18]. 

The capital cost not only vary from country to country but also depend on the operating 
temperature, carbon capture and other factors. Capital cost of the 331 t/d SMR plant coupled 
with HTGR nuclear power plant was around 226 million US $ [33] in 2009 prices (equal to 254 
million US $ in 2014 prices or 2.1 US $ per kg/a). 

The INL capital cost estimates decrease from 248 million US $ to 232 million US $ with 
increase of process temperature from 725 °C to 925 °C. Capital costs estimated by EPRI for a 
331 t/d SMR plant to couple with HTGR nuclear power plant was 423 million US $ [24] in 
2004 prices (558 million US $ in 2014 prices or 4.62 US $ per kg/d). Capital cost of nuclear 
coupled SMR plant of 49.4 thousand t/a capacity was 203 million US $ [34] which is equivalent 
to 4.1 US $ per kg/a. In this study, specific cost 3.39 US $ per kg/a capacity has been used for 
all reactor outlet temperatures. 

The consumables (water, electricity and natural gas) have been estimated using INL data [33]. 
The consumption of consumables also depends on the core outlet temperature of the reactor. 
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The quantities of consumables at 900 °C core outlet temperature for the SMR process are given 
in Table 18. 

The natural gas price has been assumed as 6 US $ per million BTU that includes all taxes, 
levies, royalties and charges. At 750 °C process temperature, natural gas consumption of SMR 
(coupled with nuclear reactor) is around 2.89 kg per kilogram hydrogen production where 
process efficiency is 80.9%. Natural gas consumption decreases as the core outlet temperature 
increases. Modern reformer designs typically operate in the range 860–880 °C for efficient 
conversion [16]. Increasing the core outlet temperature from 750 °C to 950 °C, eliminates 
topping heat requirement and natural gas saving at these reactor outlet temperatures are 11.6% 
to 30.9%, respectively, compared to the conventional process [32]. 

O&M cost for nuclear coupled SMR, estimated by EPRI in 2002 was 5% of the plant capital 
cost [24]. This was revised down to 2.5% of the plant capital cost in the later study released by 
EPRI in 2004 [24]. INL estimate for O&M cost of SMR is 4.2% of capital cost and the same 
has been adopted in this study [33]. 

TABLE 18. NUCLEAR COUPLED SMR PLANT: HYDROGEN AND ELECTRICITY 
PRODUCTION EFFICIENCY PARAMETERS [33] 

Reactor outlet temperature 900 °C 

Process temperature 850 °C 

Hydrogen production plant capacity 201 000 tonnes/a 

Reactor thermal power to turbo-generator 203 MW(th) 

Thermal power for hydrogen production 297 MW(th) 

Process thermal efficiency 82.3% on HHV basis 

Electricity production efficiency 39.0% 

Electric power required 11.4 MW(e) 

Natural gas required(a) 67 MMCFD 

Annual natural gas required(a) 24 million MMBTU 

Annual total water requirements 1.72 Billion liter 

(a)  Based on heating value of natural gas of Sui gas field of Pakistan 

 

5.3.4. Conventional SMR 

Capital cost of an SMR hydrogen production plant of 331 t/d capacity was 256 million US $ in 
2009 prices [33] which is equal to 287 million US $ in 2014 prices or 2.37 US $ per kg/a. 
Capital cost for a 127 t/d hydrogen production plant was 82 million US $ in 1997 prices [35] 
which is 2.67 US $ per kg/a in 2014 prices. The plant cost estimates in the INL study are latest 
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and the plant size is closer to the assumed plant size so capital cost 2.37 US $ per kg/a has been 
used in this study. 

Assumed production capacity of the conventional SMR plant, 200 thousand t/a, is equal to 
capacity of the Base Case nuclear coupled SMR plant. The natural gas requirement is 
0.48 MMCFD per thousand t/a hydrogen production capacity and its price has been assumed 
as 6 US $ per million BTU. Electricity requirement for the SMR plant is 64 kW(e) per thousand 
t/a capacity [33]. Water requirements are 0.36 kg/s for one thousand t/a hydrogen production 
capacity. 

O&M cost of SMR plant was 5% of the capital cost in [36]. The O&M cost estimate was revised 
down to 2.5% of the plant capital cost in 2004. INL estimates of fixed O&M cost are around 
4.2% of the capital cost. For this study, INL estimates of O&M cost has been adopted. Summary 
of the conventional SMR hydrogen production plant parameters is given in Table 19. 

TABLE 19. CONVENTIONAL SMR PLANT PARAMETER [33] 

Hydrogen production plant capacity 200 000 t/a 

Process thermal efficiency 77.8% on HHV basis 

Electric power required 12.8 MW(e) 

Natural gas required(a) 96 MMCFD 

Annual natural gas requirement(a) 34 million MMBTU 

Annual total water consumption 2.26 Billion liter 

(a) Based on heating value of natural gas of Sui gas field of Pakistan 

 

5.3.5. Coal gasification plant 

Capital cost reported by National Energy Technology Laboratory (NETL) for a 613 t/d 
hydrogen plant, based on coal gasification technology, was 1216 million US $ in 2008 prices 
[37]. This translates to 5.31 US $ per kg/a. Capital cost estimated by NREL for a 284 t/d 
hydrogen plant was 436 million US $ in 2005 prices [38] which is equal to specific capital cost 
5.44 US $ per kg/a, in 2014 prices. The production capacity of the coal gasification unit assumed 
in this study is 200 thousand t/a. So for size similarity and latest estimates, NETL capital cost 
estimates have been adopted for this study. 

O&M cost reported in NETL [37] have been used as reference, however staffing cost has been 
adjusted on the basis of Gross Domestic Product (GDP) (purchasing power parity) and 
assuming 25% over staffing compared with the reference country. The fixed O&M cost of the 
gasification plant is estimated to be around 5.23% of its capital cost and variable O&M costs 
are estimated to be 8.2% of the capital cost of the plant on the basis of data in NETL [37]. The 
cost of coal feedstock is assumed as 4.0 US $ per million BTU in 2014 prices. The coal 
consumption, based on the 0.56% high heating value efficiency, is assumed as 
0.27 MMBTU/kg hydrogen production. 
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Electricity consumption of the coal gasification facility is around 0.71 MW(e) per 103 t/a 
capacity. A 141 MW(e) electricity generation plant using the flue gases from hydrogen 
generation plant will produce electricity sufficient for the hydrogen production facility. 

Summary of the techno-economic input data of HEEP for alternative hydrogen production 
options is listed in Table 20. 

5.4. Cost estimates of hydrogen storage 

Hydrogen storage is required for its smooth supply. Size and geographic placement of hydrogen 
storages depend on many factors e.g. type and size of hydrogen production plant, storage and 
transportation infrastructure, delivery preferences, use of the hydrogen, etc. This study assumes 
Base Case storage at the plant site having size equivalent to two-week production capacity. 
Only compressed and liquid hydrogen storages have been analyzed. 

TABLE 20. TECHNO-ECONOMIC DATA OF ALTERNATIVE HYDROGEN PRODUCTION 
PLANTS 

 Nuclear Conventional 

Feed material Water Water Natural 
gas 

Natural 
gas 

Coal 

Process S–I HTSE SMR SMR Gasifi 
cation 

Process temperature (°C) 900 800 850 - - 

Annual production capacity (103 t) 68 46 201 200 200 

Thermal energy requirement (MW(th)) 500 39 297 - - 

Hydrocarbon fuel requirement  
(MW(th) on HHV basis) 

- - 805 1143 1600 

Electricity requirement (MW(e)) 16.5 179 11.4 12.8 100 

Capital cost (US $ per kg/a) 5.00 3.39 3.39 2.37 5.31 

Annual O&M cost (% of CC) 7.50 9.15 4.20 4.15 13.43 

Annual decommissioning cost (% of CC) 10 10 10 0 0 

 

5.4.1. Compressed hydrogen storage 

Currently, the most common method for industrial hydrogen storage is steel vessels having 
hydrogen gas pressure between 5–7 MPa and size from 100–150 m3 [29]. Cost of storage vessel 
increases with operating pressure and volume and optimal size of storage vessel depends on 
many techno-economic factors. Cylindrical vessel modules at 2 MPa pressure were used up to 
560 m3 volume and spherical vessel with pressure ranges from 0.6 to 2 MPa were used to 
maximum module volume of around 5600 m3 [29]. Tube containers are used for hydrogen gas 
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storage at higher pressures. However, as storage pressure increases, the cost of storage tube 
increases. At 14 MPa, the tube costs 400 US $/kg whereas at 54 MPa the cost increases to 2100 
US $/kg hydrogen storage [39]. 

HEEP uses 20 MPa as default pressure for compressed gas storage. In this study, compressed 
gas storage pressure is 20 MPa for tube-trailer transportation and for pipeline transportation 
storage pressure is 5 MPa. 

HEEP calculates size of storage container, compressor power, compressor cooling water 
requirement, capital cost and O&M cost of the storage when user provides storage pressure and 
storage requirements. The study team could not find data on various parameters related to 
industrial hydrogen storage (e.g. compressor power, capital cost of industrial storage vessels 
and compression systems) for required vessel size and pressure, therefore, HEEP inbuilt 
features were used to estimates these costs. HEEP estimates costs using cost parameters of the 
reference storage. Default reference container in HEEP is 227 kg at 20 MPa and cost of the 
container is 1323 US $/kg storage capacity. Reference container in this study has storage 
capacity 250 kg at 20 MPa with specific cost of 700 US $/kg-H2 [40]. Default exponents of 
HEEP software have been used for estimation of the cost of storage. 

Compressors contribute major part of capital and operating costs for compressed hydrogen 
storage. Multistage compressors are required to achieve the required pressure of hydrogen. 
HEEP uses a reference compressor data i.e. power, outlet pressure and cost to estimate power 
and cost of desired compressor. Compressor energy consumption data varies significantly in 
literature. For gaseous hydrogen, compressor power requirement varies from 0.5 kW(e) to 
2 kW(e) per kg/h discharge [39]. The HEEP estimated compressor power for 20 MPa hydrogen 
storage pressure around 2.3 kW(e) per kg/h. This study adopts default HEEP estimated 
compression power for estimation of energy cost. Assumed electricity price is 100 US $ per 
MWh. 

Hydrogen compressor capital cost ranges from 2000–3000 US $/kW(e) [39]. In this study, 
average value of the range, 2500 US $/kW(e), has been used as reference and the default 
exponent of HEEP has been used to estimate the cost of required compression unit. Also, default 
HEEP estimates of water requirements have been used in this study. 

The O&M cost excluding electricity cost is assumed to be 8% of initial capital cost of 
compression unit [29]. 

5.4.2. Liquid hydrogen storage 

Cryogenic vessels for bulk hydrogen storage are nominally 1500, 4500, 9000, and 20 000 gallon 
tanks [41]. Recently reported cost of a super insulated liquid hydrogen module of 4000-
kilogram capacity with boil-off rate 0.3%/day is 450 000 US $ [42]. The same has been used 
as a reference container and HEEP default exponent has been used for estimation of cost of 
required liquid hydrogen tank. 

Liquefaction of hydrogen is a costly process because of capital intensive compression unit and 
high cost of electricity required for liquefaction. Compressors and heat exchanger account for 
most of the liquefier cost. Krewitt and Schmid [29] suggest following relation for estimation of 
the investment cost estimates in € per kg/h (year 2000 €) for liquefaction plant: 

  Liquefier investment cost (€/kg/h) = 828 313 × (Production capacity)-0.48 
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Using the relations, for a 1000 kg/h liquefaction plant, the cost becomes 1250 € per kg/d. The 
SFA Pacific estimates the total specific cost for a liquefier as 1015 US $ per kg/d whereas Air 
Products estimates 1125 US $ per kg/d [42]. The cost estimates of Air Products have been used 
as reference and default HEEP exponent has been used to estimate cost of required size storage 
container. 

Liquefaction requires higher amounts of energy than compression (to even 25 or 35 MPa) for 
bulk gas delivery. This energy consumption also depends on size of the plant. Liquefaction 
energy consumption by current generation of multistage compressors is approximately 10–
13 kWh per kilogram of liquid hydrogen [41]. Liquefaction energy data collected by Krewitt 
and Schmid [29] was in the range 10–15 kWh/kg of hydrogen for US plants. HEEP default 
value is 10 kWh/kg liquid hydrogen and the same has been used in this study. Assumed 
electricity price is 100 US $ per MWh. 

Requirement of cooling water depends on the type of cooling and inlet/outlet temperature 
difference of heat exchanger. HEEP uses 0.626 m3 and Krewitt and Schmid [29] estimates 
1.6 m3 cooling water per kilogram liquid hydrogen production. Default value of the HEEP 
model has been adopted in this study. Other O&M costs excluding electricity cost are estimated 
to be 8% of initial capital cost of liquefaction unit [29]. 

Assumptions for the hydrogen storage options are listed in Table 21. 

TABLE 21. TECHNO-ECONOMIC DATA OF HYDROGEN STORAGE 

 Compressed gas Liquefied gas 

No of storage days 14 14 

Maximum plant capacity (103 t/a) 200 200 

Boil-off rate (%/d) - 0.3 

Storage pressure for pipeline transport (MPa) 5 - 

Storage pressure of tube trailer transport (MPa) 20 - 

Cost of reference container (US $) 100 000 450 000 

Pressure of reference container (MPa) 20 - 

Cooling water requirement (L/h per kW(e)) 23 - 

Cooling water requirement (L/kg-H2) - 626 

Electricity requirement (kWh/kg) - 10 

Reference compression unit cost (US $/kW(e)) 2500 - 

Reference compressor cost (US $/kg/h) - 1125 

Other O&M cost (% of CC) 8 8 

 



 

298 

 

5.5 Hydrogen transportation 

Three modes have been assumed for hydrogen transportation. 

Pipeline 

Tube trailer 

Cryogenic container 

 

5.5.1. Hydrogen transportation through pipeline 

A 230 mm pipeline will be suitable for transportation of the hydrogen generated by the 
reference 200 thousand t/a plants. Pipeline investment costs vary significantly with variation in 
size, pressure, material, geography and other factors. Installation is the major component in 
pipeline construction cost. The construction cost of a 42-inch pipeline would be 15 times higher 
than the cost of a 4-inch pipeline on per kilometer basis [43]. Furthermore, the investment cost 
for a hydrogen pipeline would be 50–80% higher than that of a natural gas pipeline [43]. 

The default pipeline cost used in HEEP is 0.3 million US $/km which is lower than the range 
cited in literature. Current investment cost estimates of hydrogen pipeline vary from 0.5–
1.5 million US $/mile [42]. Krewitt and Schmid [29] estimates are 525 000 €/km cost for 
230 mm pipeline in Euro of year 2000 for an average terrain. This translates to 1 million US 
$/km of the year 2014. Keeping in view the recent data cited, investment cost of US $ one 
million per kilometer has been assumed in this study for 230 mm diameter pipeline. 

Compressor power mainly depends on the mass flow, pipe size, material, inlet and delivery 
pressures. For the gas flow rate 899 kg/h, a 3.4 kW(e) compressor is required at every 
100 kilometer distance [29]. In this study, default HEEP estimated compressor power has been 
used. Assumed electricity price is 100 US $/MWh. Compressor cost 2500 US $/kW(e), as stated 
above, has been assumed in this study. Life time of 40 years and no decommission cost has 
been assumed for the pipeline. 

5.5.2. Hydrogen transportation through tube trailer 

Tube trailer for hydrogen transportation consists of a tubes module, under carriage that house 
this module and an automobile tractor. Krewitt and Schmid [29] estimate 80 000 € for 
300-kilogram container, 30 000 € for undercarriage and 86 000 € for tractor. This cost estimate 
translates to 120 000 US $ for 300-kilogram container, 42 000 US $ for undercarriage and 
120 000 US $ for tractor in year 2014. Recently reported cost of a 300-kilogram tube trailer 
module, that delivers 250-kilogram hydrogen gas at destination, is 250 000 US $ (100 000 US 
$, tube; 60 000 US $, undercarriage; and 90 000 US $, tractor) [42]. The same costs of tube 
trailer module have been assumed in this study. 

The estimated fixed O&M cost for a tube trailer is 10 300 US $/a (Annual 3000 US $ wage of 
driver and 4800 US $/a salary of administrative staff). Variable O&M cost include fuel cost 
(4 km/L and 1.0 US $/L), road tax 0.01 US $/km and other costs including lubricant are 3% of 
the fuel cost [29]. Average speed of the tube trailer is assumed to be 50 km/h with one-hour 
load and one-hour unload time. 
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Assumed feasible operating life of the tube trailer is 12 years. To model the shorter life entities, 
an appropriate replacement cost has been added to the O&M cost of shorter lifespan entity. The 
annual replacement cost of the tube trailer is estimated as 5.3% of its capital cost. It has been 
assumed that there is no decommissioning cost of liquid container and trailer. 

5.5.3. Hydrogen transportation through liquid hydrogen trucks 

Cost of a super insulated liquid hydrogen transport module of 4000-kilogram capacity with 
boil-off rate 0.3%/d is 600 000 US $ (450 000 US $, cryogenic container; 60 000 US $, 
undercarriage; and 90 000 US $, tractor) [42]. Krewitt and Schmid [29] estimate 86 000 € for 
3500-kilogram liquid hydrogen containers. This cost estimate translates to 129 000 US $ for 
4000-kilogram liquid hydrogen container in the year 2014. In this study, latest reported cost, 
600 000 US $ for super-insulated cryogenic truck module, has been used. The fixed O&M cost 
for each liquid hydrogen truck unit is assumed to be the same as for tube trailer. 

The estimated fixed O&M cost for a liquid hydrogen truck is 12 600 US $/a (Annual 3000 US 
$ wage of driver and 4800 US $/a salary of administrative staff). Average speed of the liquid 
hydrogen truck is assumed to be 50 km/h with one-hour loading and three hours for unloading 
time and capacity factor of 80% has been assumed. Assumed feasible operating life of the liquid 
hydrogen truck is 12 years. To model the shorter life in HEEP, a replacement cost, 5.3% of the 
capital cost, has been added as its O&M cost. 

Liquefier cost and its energy requirements are not included as these have been included in liquid 
hydrogen storage cost. It has been assumed that there is no decommissioning cost of the liquid 
hydrogen truck. 

Techno-economic input data for hydrogen transportation options is given in Table 22. 

 

6. RESULTS OF THE STUDY 

6.1. Hydrogen production cost 

The production cost of hydrogen from three nuclear coupled and two conventional options have 
been assessed using HEEP. Table 23 summarizes the results of the options in the Base Case. 

Among the options analyzed in this study, the cost of hydrogen production using nuclear 
coupled SMR plant is lowest. Use of nuclear heat to supplement natural gas in SMR process 
also significantly reduces the natural gas requirement for hydrogen production. 

Cost of hydrogen production through coal gasification with carbon capture is significantly 
higher than hydrogen production cost with nuclear coupled and conventional SMR processes. 
Hydrogen production cost of coal gasification with carbon capture facility is of the same order 
as that of water splitting facilities attached with nuclear power plant. This is, however, a mature 
technology compared to the nuclear coupled technology options analyzed in this report. 

The S–I and HTSE coupled with nuclear power plant are carbon emission free technologies for 
hydrogen production. Though, production cost of hydrogen, based on the current cost estimates 
of nuclear power plant is significantly higher than conventional SMR, however, as technology 
matures, the cost is expected to go down making it competitive with conventional hydrogen 
production. 
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6.2. Hydrogen storage and transportation cost 

For hydrogen storage, three options have been analyzed corresponding to three types of 
hydrogen transportation options: (i) pipeline transportation at 5 MPa (ii) storage facility at 
20 MPa for tube trailer transportation and (iii) liquid hydrogen transport and storage. 

The storage and transport infrastructure is based on the production capacity of nuclear coupled 
SMR hydrogen plant which is 200 million kg/a hydrogen production plant. 

The Base Case hydrogen storage is 7.7 million kg which is equal to two weeks’ production. 
Estimates of cost of hydrogen storage using HEEP model is given in Table 24. 

 

 

TABLE 22. TECHNO-ECONOMIC DATA OF ALTERNATIVE HYDROGEN 
TRANSPORTATION OPTIONS 

 Pipeline Vehicle transport 
Tube trailers Cryo trucks 

Production rate (103 t/a) 200 200 200 
Distance for transport (km) 200 200 200 
Pressure (MPa) 50 200 - 
Delivered capacity of the vehicle (kg) - 250 4000 
Capital cost: 
 Pipeline (million US $/km) 

 
1 

 
- 

 
- 

 Truck/tube trailer per unit (million US $) - 0.250 0.600 
Number of vehicles - 1142 86 
Annual wages per driver (US $) - 3000 3000 
Number of drivers - 3836 288 
Other fixed O&M (% of CC) - 4.1 2.1 
 Administrative, accounts, security staff etc. (US $) - 60 45 
 Average annual wage per person unit (US $) - 4800 4800 
 Insurance (%) 0 0 0 
Fuel cost (US $/liter) - 1.0 1.0 
Other variable O&M costs (% of CC) 1 1.12 0.39 
 Tire/tube cost (US $/km) - 0.01 0.01 
 Road tax (US $/km) - 0.01 0.01 
 Lubricants etc (US $/km)    
Infrastructure life (a) 40 12 12 
Annual vehicle replacement cost (% of CC) - 5.3 5.3 
Vehicle average speed (km/h) - 50 50 
Fuel efficiency of transport vehicle (km/liter) - 4 4 
Loading/unloading time per trip (h) - 2 4 
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TABLE 23. COST OF ALTERNATIVE HYDROGEN PRODUCTION SYSTEMS IN BASE CASE 
(UNIT: US $/kg) 

 Nuclear Conventional 

Process S–I HTSE SMR SMR Gasifi 
cation 

Feedstock  Water Water Natural 
gas 

Natural 
gas 

Coal 

Capital cost 0.87 1.12 0.25 0.12 0.29 

O & M cost 1.02 0.94 0.21 0.11 0.86 

Feedstock & fuel cost 0.21 0.30 0.78 1.07 1.08 

Total 2.10 2.36 1.25 1.30 2.23 

 

 

TABLE 24. COST OF HYDROGEN STORAGE IN BASE CASE 

 Specific cost (US $/kg) 

Low pressure storage (5 MPa) 0.47 

Tube trailer transport (20 MPa) 0.72 

Liquid hydrogen storage 1.51 

 

The Base Case distance for hydrogen transportation through pipeline and vehicle transport 
using compressed and liquid hydrogen trucks has been assumed 200 kilometers. Estimates of 
cost of hydrogen transportation cost are given in Table 25. 

 

TABLE 25. COST OF HYDROGEN TRANSPORT IN BASE CASE 

 Specific cost (US $/kg) 

Pipeline 0.40 

Compressed gas tube trailer 0.69 

Liquid hydrogen truck 0.06 
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In the Base Case storage and transport low pressure storage and pipeline transport of hydrogen 
is an economical option. Liquid hydrogen storage is expensive however its transport is least 
expensive. The liquid hydrogen storage and transport is most expensive for the base case 
distance. 

 
6.3. Cost of delivered hydrogen 

Cost of delivered hydrogen using various production, storage and transport technologies in Base 
Case scenario are listed in Table 26. The cost of delivered hydrogen in all the Base Case options 
remain above 2 US $/kg. The delivered hydrogen cost using the water splitting technologies 
ranges from 2.97 US $/kg to 3.93 US $/kg in this analysis. Cost of delivered hydrogen from a 
coal gasification plant is also high that varies from 3.1 US $/kg to 3.8 US $/kg. Cost of 
hydrogen from SMR processes are low due to higher process efficiency. Use of high 
temperature nuclear heat in SMR process not only reduces requirements of natural gas but also 
its hydrogen production cost is lower than conventional SMR process in Base Case. The high 
cost of hydrogen transport significantly impacts economics of delivered hydrogen. 

TABLE 26. COST OF DELIVERED HYDROGEN IN BASE CASE (US $/kg) 

 Nuclear Conventional 

Process S–I HTSE SMR SMR Gasifi 
cation 

Feedstock  Water Water Natural 
gas 

Natural 
gas 

Coal 

Delivered hydrogen cost using pipeline 2.97 3.23 2.11 2.17 3.10 

Delivered hydrogen cost using tube trailer 3.51 3.77 2.65 2.71 3.64 

Delivered hydrogen cost using cryogenic 
truck 

3.67 3.93 2.81 2.87 3.80 

 

6.4. Sensitivity analysis 

The costs of hydrogen production, storage and transportation are given in Tables 23 to 25 that 
have been estimated using the best available costs data in literature and appropriate 
assumptions. However, uncertainties are always there, starting from inception of a project to its 
implementation and thereafter in operation phase. The uncertainties in data and assumption 
related to hydrogen delivery chain significantly impact the ranking of alternative hydrogen 
production options. Impact of various factors on production, storage and transportation cost of 
hydrogen have been analyzed in this section. 

6.4.1. Hydrogen production cost 

Various factors affecting the production cost have been identified and their impact on cost of 
hydrogen production has been investigated. Key sensitivity factors, along with anticipated low 
and high ranges of these factors are given in Table 27. 
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TABLE 27. RANGE OF KEY PARAMETERS OF ALTERNATIVE HYDROGEN 
PRODUCTION OPTIONS CONSIDERED FOR SENSITIVITY ANALYSIS 

 Optimistic Reference Pessimistic 

Fuel/feedstock prices (US $/MMBTU) 
 Coal 
 Natural gas 

 
2 
3.5 

 
4 
6 

 
8 
13 

Capital cost (%) –10 (a) +100 

Capacity factor (%) 95 85 70 

Interest/discount rate (%) 5 8 10 

Construction time (a) - 3 5 

(a)  Base case capital costs as given in Tables 14 and 20. 

Impact of the identified sensitivity parameters on economics of hydrogen production is 
discussed below. 

A. Fuel feedstock price 

Sensitivity analysis of hydrogen production cost has been performed on the prices of natural 
gas and coal. The nuclear energy production is less sensitive to nuclear fuel prices so this factor 
has not been included in this analysis. 

The nuclear coupled S–I and HTSE plants do not use fossil fuels so there is no impact on 
hydrogen production cost because of increase or decrease in fossil fuel prices. Hydrogen 
production cost of coal gasification plant increases from 2.23 US $/kg to 3.30 US $/kg by 
increasing the coal price from 4 US $/MMBTU to 8 US $/MMBTU (Table 28). 

At 8 US $/MMBTU, the nuclear coupled hydrogen water splitting technologies become 
economically competitive to coal gasification. Cost of hydrogen from coal gasification plant 
remains higher than hydrogen cost produced from the natural gas based SMR plant even if coal 
prices are reduced to 2 US $/MMBTU in optimistic scenario. 

TABLE 28. HYDROGEN PRODUCTION COST SENSITIVITY TO FUEL/FEEDSTOCK 
PRICES 

 Optimistic Reference Pessimistic 

Coal price (US $/MMBTU) 2 4 8 

Coal gasification hydrogen production cost (US 
$/kg) 

1.69 2.23 3.30 

Gas price (US $/MMBTU) 3.5 6 13 

SMR hydrogen production cost (US $/kg) 0.85 1.30 2.48 

Nuclear SMR hydrogen production cost (US $/kg) 0.93 1.25 2.12 
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If the natural gas price increases from 6 to 13 US $/MMBTU, hydrogen production cost of 
conventional SMR plant increases from 1.30 US $/kg to 2.48 US $/kg and it becomes more 
expensive than hydrogen from nuclear coupled S–I water splitting plant. Hydrogen production 
cost of SMR system reduces to 0.85 US $/kg as compared 0.93 US $/kg nuclear coupled SMR, 
in optimistic scenario, when natural gas price reduces to 3.5 US $/MMBTU. 

B. Interest/discount rate 

Hydrogen production using nuclear energy is more sensitive to interest rate fluctuation than 
conventional hydrogen production options because of its high upfront cost. With optimistic 
interest rate of 5%, hydrogen production cost of S–I system reduces to 1.89 US $/kg. (Table 29). 

TABLE 29. HYDROGEN PRODUCTION COST SENSITIVITY TO 
INTEREST/DISCOUNT RATE 

 Optimistic Reference Pessimistic 
Interest discount rate (%) 5 8 10 

S–I (US $/kg) 1.89 2.10 2.41 

HTSE (US $/kg) 2.14 2.36 2.76 

Nuclear coupled SMR (US $/kg) 1.15 1.25 1.35 

SMR (US $/kg) 1.25 1.30 1.35 

Coal gasification (US $/kg) 2.10 2.23 2.33 
 

Conventional SMR plant require less capital investment so it is less sensitive to interest rate 
compared to the nuclear coupled. 

C. Capital cost 

As coal and nuclear coupled hydrogen production systems are capital intensive, change in 
overnight cost of these systems significantly impact cost of hydrogen. Increasing the plant cost 
by 100%, the production cost of nuclear coupled HTSE and S–I plants soars to 3.48 US $ per 
kg and 2.97 US $/kg, respectively (Table 30). 

TABLE 30. HYDROGEN PRODUCTION COST SENSITIVITY TO CAPITAL 
INVESTMENT 

 Optimistic Reference Pessimistic 
Capital cost variation (%) –10 0 +100 
S–I (US $/kg) 2.01 2.10 2.97 

HTSE (US $/kg) 2.25 2.36 3.48 

Nuclear coupled SMR (US $/kg) 1.22 1.25 1.50 

SMR (US $/kg) 1.28 1.30 1.42 

Coal gasification (US $/kg) 2.20 2.23 2.52 

 

The conventional SMR and coal gasification processes are relatively resilient to plant capital 
cost. 
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D. Capacity factor 

The cost of a nuclear coupled hydrogen production system is more sensitive to capacity factor 
than conventional hydrogen production technologies. Operating at high capacity factor, nuclear 
coupled hydrogen production systems has more profound impact on reduction of hydrogen 
production cost compared to conventional hydrogen production facilities (Table 31). 

 

TABLE 31. HYDROGEN PRODUCTION COST SENSITIVITY TO CAPACITY FACTOR 

 Optimistic Reference Pessimistic 

Capacity factor (%) 95 85 70 

S–I (US $/kg) 1.76 2.10 2.16 

HTSE (US $/kg) 2.18 2.36 2.67 

Nuclear coupled SMR (US $/kg) 1.12 1.25 1.50 

SMR (US $/kg) 1.27 1.30 1.35 

Coal gasification (US $/kg) 2.10 2.23 2.47 

 

HTGR with online fueling are expected to operate at high capacity factor. This factor will 
reduce production cost of nuclear coupled water splitting plants significantly, making these 
plants competitive to coal gasification plants. 

E. Construction time 

Systems with high capital cost are considered sensitive to construction schedule. However, the 
sensitivity analysis (Table 32) using HEEP shows that there is insignificant impact on hydrogen 
production costs if construction schedule of the hydrogen production facilities is increased from 
3 years to 5 years. 

 

TABLE 32. HYDROGEN PRODUCTION COST SENSITIVITY TO CONSTRUCTION 
DURATION 

 Base case Pessimistic 

Plant construction time (a) 3 5 

S–I (US $/kg) 2.10 2.12 

HTSE (US $/kg) 2.36 2.40 

Nuclear coupled SMR (US $/kg) 1.25 1.32 

SMR (US $/kg) 1.30 1.31 

Coal gasification (US $/kg) 2.23 2.24 
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6.4.2. Hydrogen storage and transportation cost 

For hydrogen storage, the Base Case hydrogen storage is equal to two weeks’ production of 
hydrogen plant. The impact of storage on cost of hydrogen by increasing and decreasing the 
storage time by one weak for various storage options is given in Table 33. 

 

TABLE 33. COST OF HYDROGEN STORAGE OF ALTERNATIVE OPTIONS (US $/kg) 

 Specific storage cost 

Storage duration One week Two weeks Three weeks 

Low pressure (5 MPa) 0.46 0.47 0.47 

High pressure (20 MPa) 0.72 0.72 0.72 

Cryogenic container 1.49 1.51 1.52 

 

The storage time has insignificant impact on specific storage cost of hydrogen for all types of 
storages. However, storage pressure significantly impacts the cost of hydrogen storage. 

The Base Case distance for hydrogen transportation has been assumed 200 kilometers. 
Sensitivity analysis has been performed for hydrogen transport to 100 and 400 kilometer 
distances (Table 34). 

 

TABLE 34. COST OF HYDROGEN TRANSPORT OF ALTERNATIVE OPTIONS (US $/kg) 

 Specific transportation cost 

Transport distance (km) 100 200 400 

Pipeline 0.37 0.40 0.47 

Tube trailer 0.36 0.69 1.34 

Cryogenic truck 0.04 0.06 0.12 

 

The cost of hydrogen transport through pipeline and liquid hydrogen transportation is less 
sensitive to transport distance. The cost of hydrogen transport using tube trailer is highly 
sensitive to transport distance due to small hydrogen carrying capacity of a tube trailer. 

For vehicle transport of hydrogen, compressed hydrogen transport is economical for shorter 
distance and liquid hydrogen transport is more feasible for longer distances. 
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7. CONCLUSIONS/RECOMMENDATIONS 

The nuclear heat can supplement natural gas in SMR process resulting around 30% saving in 
natural gas requirements. At low gas prices, around 5 US $/MMBTU, hydrogen production cost 
of nuclear coupled SMR and conventional SMR processes are same. At higher gas prices the 
nuclear assisted hydrogen production using SMR becomes economical option whereas at lower 
natural gas prices nuclear heat costs more. 

Low temperature heat from current generation of nuclear power plants, PWR/PHWR and gas 
cooled reactor require expensive heat upgrades or topping heat to make its efficient use in water 
splitting hydrogen production technologies. Development of very high temperature reactors is 
expected to pave the way for efficient hydrogen production using the water splitting 
technologies. Analysis shows that the hydrogen production cost using water splitting steam 
electrolysis and Sulphur Iodine processes coupled with very high temperature reactor, is 
comparable to hydrogen production cost using conventional SMR process at around 13 US 
$/MMBTU natural gas price. 

Coal gasification, though can be employed to utilize the abundant indigenous coal resource, 
however, it is relatively expensive option for hydrogen production. Deployment of this 
technology in strategic perspective may be important. 

Storage and transportation of hydrogen have significant cost component by the user end level. 
Liquid hydrogen transportation is relatively less sensitive to transport distances and cheaper 
than tube trailer transportation for long distance transportation due to availability of higher 
throughput cryogenic truck module with very low boil-off rate. Pipeline transportation of 
hydrogen is more economical than both tube trailer and cryogenic containers. Siting of 
production facility close to load center, modular construction of the plant and load following 
capabilities, avoiding storage and transportation, are important decisions for improvement of 
economics of delivered hydrogen. 

Capacity building and research and development activities in the area of nuclear application for 
hydrogen production may be supported by government of Pakistan with international 
cooperation to seek its role by the year 2030 for low carbon development strategies in the 
country. 

8. EXPERIENCE OF THE USE OF HEEP MODEL 

HEEP is an easy to use tool for techno-economic analysis of nuclear hydrogen production 
systems. The software also has modules to estimate the storage and transportation cost of 
hydrogen that are important parts of hydrogen delivery system. The software can also be used 
for estimation of levelized costs of nuclear electricity and thermal energy. 

Avoiding unnecessary technical details and insignificant cost heads, user can estimate levelized 
cost with reasonable accuracy. HEEP also provides flexibility to specify some inputs with 
higher level of details for more accurate results. 

The HEEP model version supplied by IAEA is in the process of development and testing. The 
model requires minor fixes in software and a detailed user manual for professionals intended to 
work in the area of nuclear application for hydrogen production for low carbon economy. 
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1. INTRODUCTION 

Hydrogen is an environmentally attractive fuel that has the potential to replace fossil fuels, but 
contemporary hydrogen production primarily based on fossil fuels is not practically 
economical. To achieve the hydrogen economy, it is very important to produce a massive 
amount of hydrogen in a clean, safe and efficient way. Hydrogen production with nuclear 
energy has been intensively studied worldwide because it would allow massive production of 
hydrogen at economic price while avoiding the release of carbon dioxide. The role of nuclear 
energy in replacing fossil fuels has been emphasized worldwide to cope with dwindling fossil 
fuels and prevent climate changes. The high temperature gas-cooled reactor (HTGR) is 
considered as an efficient reactor to supply nuclear heat with hydrogen production plant. 

To achieve hydrogen economy, worldwide research focuses on the development of the key 
technologies required for the realization of a nuclear hydrogen production plant. The key 
technologies comprise development of computational tools and methodologies to analyze the 
nuclear reactor systems, development of materials and components, development of TRISO 
coated particle fuel fabrication technology, and development of the hydrogen production 
processes. 

In the meantime, economic assessment is needed to choose the most economical and optimized 
nuclear hydrogen production plant. There are two extinctive programs considered as a tool 
suitable for the comparative economic assessment for nuclear hydrogen production plants, 
which are G4-excel based economic calculation of nuclear systems (G4-ECONS) and hydrogen 
economic evaluation program (HEEP). 

The HEEP developed by the IAEA in collaboration with Bhabha Atomic Research Center 
(BARC) is the software that allows users to analyze various options for a future hydrogen 
economy. Being the first-of-a kind, HEEP needs to be benchmarked for various scenarios of 
hydrogen production and distribution. 

This research is regarding the IAEA’s CRP I 35004, which is titled “Examining the techno-
economics of nuclear hydrogen production and benchmark analysis of the HEEP software”. 
The main scope of the research is to benchmark HEEP with G4-ECONS to check its reliability 
by comparing the levelized unit hydrogen cost (LUHC) from G4-ECONS program with that 
from HEEP software for the nuclear hydrogen production plant which consists of nuclear power 
plant (NPP) and hydrogen production plant (HPP). 
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G4-ECONS developed by the economic modeling working group (EMWG) of GIF was 
appropriately used for five generic cases and three country specific cases with same input data 
or information as HEEP. The only difference is that some financial parameters such as inflation 
rate, depreciation period, and tax rate are not considered in calculating levelized unit energy 
cost(LUEC) and LUHC with G4-ECONS program. The LUEC and LUHC were calculated with 
G4-ECONS and the calculation results are compared with those of HEEP. 

Sensitivity analysis was done with HEEP to evaluate the effect of cost factors on LUHC. Cost 
factors include financial parameters such as discount rate, borrowing interest, equity to debt 
ratio, tax rate, inflation rate as well as other parameters such as construction period, operating 
years, depreciation period. 

Through the IAEA’s CRP I35004, it was possible to accumulate the relevant data for economic 
evaluation by establishing database needed for G4-ECONS and HEEP platform. Benchmarking 
of HEEP was done with same technical data but a little different financial parameters. Some 
financial parameters such as inflation rate and tax rate are not considered in G4-ECONS. 
Benchmarking of HEEP with G4-ECONS confirms the reliability of HEEP for comparative 
economic assessment of nuclear hydrogen production plants. 

2. SCOPE OF THE CRP 

The CRP I35004 mainly focused on HEEP benchmarking for five generic cases provided by 
IAEA and three country specific cases provided by member states. The benchmarking of HEEP 
involved running of HEEP for five generic case studies provided by IAEA. The results of HEEP 
were presented by each participant, followed by discussions. The ideas and plans suggested 
from the participants were added to the HEEP platform to develop modules for NPP and HPP. 
The CRP I35004 also included the benchmark work of HEEP with G4-ECONS for both generic 
case studies and country specific cases. The LUHC obtained from HEEP were compared with 
those of G4-ECONS to check the reliability of HEEP. Through benchmarking work, HEEP was 
updated and upgraded to a more reliable software by incorporating comments and new ideas 
for comparative economic evaluation of nuclear hydrogen production plants. The CRP I35004 
also highlighted establishment of database regarding technical data as well as cost data for 
nuclear hydrogen production plant was established for several countries such as Japan, China, 
Canada and Germany. The database could be added to HEEP as a standard case. HEEP and G4-
ECONS were employed to carry out benchmarking work. The purpose of the benchmarking is 
to check if HEEP software is a reliable tool for economic assessment of nuclear hydrogen plant. 
The results of HEEP running for generic and country specific cases were analyzed and 
compared with those from G4-ECONS, especially focused on LUHC values. Based on the 
analysis of results and suggestions for improving HEEP, a final report was prepared. 

3. G4ECONS MODEL DESCRIPTION 

3.1. Brief description of G4-ECONS 

G4-ECONS [1], [2] developed by the EMWG is an excel based program that are considered as 
a suitable tool for the economic evaluation of nuclear systems. G4-ECONS consists of three 
major modules. The first module of G4-ECONS is the reactor cost module which calculates the 
LUEC (Levelized Unit Energy Cost) for the reactor. The “energy” cost is typically the unit cost 
of electricity. The unit cost of the thermal energy available from the reactor can be calculated 
by dividing unit electricity cost into the thermodynamic efficiency of the nuclear plant. 
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The second module is the nuclear heat applications module which calculates the cost of a 
product from a heat application facility adjacent to the reactor. The heat application facility 
makes use of the electrical or heat energy generated from the reactor. The unit cost of energy 
from the reactor is a major input to this module along with unit amount of energy needed to 
produce a unit of product. The product from heat application facility could be either desalinated 
water or hydrogen. The cost data for the adjunct facility, such as the hydrogen plant or 
desalination plant should be organized in a form similar to that for the reactor. The major cost 
categories are capital, recurring O&M, and D&D costs. Note that there is no fuel cycle cost 
here. Any fuel consumables, such as gas or petroleum, are considered part of the O&M cost. 
Annualization and levelization algorithms needed to calculate the levelized unit product cost 
(LUPC) are basically the same algorithms used to calculate the LUEC for the reactor. Again, 
the LUEC from the reactor model becomes input to this module. 

The fuel cycle part of the reactor cost module requires unit fuel cycle costs as an input. For 
some fuel cycle steps, such as ore purchase, conversion, and U enrichment, price or cost data is 
easy to find. For special fuels or fuel recycle, however, unit cost data may not be readily 
available and must be developed from separate fuel cycle facility cost estimates. These 
estimates are typically developed in the same code-of-accounts format and with the same major 
cost categories (capital, recurring O&M, and D&D) as the reactor estimate. 

The third module of G4-ECONS is G4-ECONS-FCF (Fuel Cycle Facility) module which 
calculates levelized costs of fuel cycle products and services. The unit fuel cycle cost calculated 
from this module is used as an input to the reactor cost module to calculate LUEC. 

The levelization and annualization algorithms used are basically the same as those used in the 
reactor model. The resulting unit fuel cycle cost from this model is entered by hand into the 
fuel cycle portion of the overall reactor model. 

In summary, G4-ECONS calculate the LUEC from the reactor module, and LUHC from the 
facility module for hydrogen production plant that requires the use of thermal and/or electrical 
energy from the reactor. 

3.2. Characteristics of G4-ECONS 

The main characteristics of the G4-ECONS are transparency, simplicity and universality. 

The G4-ECONS is transparent in that there are no hidden algorithms or macros inside. The 
EXCEL worksheets use cell or range names for visible and logical formulas or algorithms. 

It is simple in that life cycle costs are calculated assuming a simplified construction schedule 
and constant annual costs and production with a minimum number of parameters. The concept 
of annualization and levelization are used, because they can eliminate the complexity of having 
to develop year-by-year cash flow data which requires schedule and cash flow data that may 
not be available early in the development phase. 

It is universal in that it suggests using real discount rates which can be adjusted to mimic capital 
market conditions while avoiding country-specific tax codes and financing alternatives. 

Many models of this type allow input of separate rates of return for equity and debt financing, 
plus taxation rates. Because of the international nature of the Gen-IV Program it was decided 
not to use financing models typical of one nation, such as the USA. 
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3.3. Detailed input to G4-ECONS for NPP 

Important inputs to G4-ECONS for each category is summarized in Tables 1 to 5. 

3.3.1. Reactor and application strategies 

Important inputs to G4-ECONS for “reactor strategies” and “application strategies” categories 
are summarized in Table 1 and Table 2, respectively. Table 1 allows the user to describe in 
words the reactor and application strategies that are desired (yes=1, no=0), to choose fuel cycle 
options for NPP and type of energy required for HPP. Only one fuel cycle option per strategy 
is allowed, and option to include (1) or exclude (0) the first-core costs with capitalized costs is 
indicated. 

 

TABLE 1. REACTOR STRATEGIES FOR G4-ECONS 

Reactor 
strategy 
index 

Title Open cycle Partially 
closed 

Totally 
closed 

 

REACTOR  Fuel cycle 
Code = 1 

Fuel cycle 
Code = 2 

Fuel cycle 
Code = 3 

Include  
1st core 

1 PWR open (benchmark data) 
early '90s FC cost 

1 0 0 1 

2 PWR partially closed (recycle of 
REPU and Pu into UOX and 
MOX FAs) for comparison with 
Strategy 1 

0 1 0 1 

3 Generic closed (Pu-MOX Fast 
Reactor) 

0 0 1 0 

4 MIT PBMR open (HTR) 1 0 0 1 

5 PWR partially closed (EMWG 
July '07 FC cost data & first core 
in capital) 

0 1 0 1 

6 vacant     

7,8,9…,25      

 

3.3.2. General input parameters for NPP 

General input parameters for NPP are summarized in Table 3. 

3.3.3. Calculation of capital cost component of LUEC for NPP 

If all costs are assumed (or calculated) to be equal in all years (i.e. “annualized”), LUEC can be 
determined from dividing annualized total cost by annual electricity generation capacity. 
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TABLE 2. APPLICATION STRATEGIES FOR G4-ECONS 

Application 
strategy index 
(aStrategyI) 

Application title 
(aStrategyIndex) 

Electricity 
user 

Heat user Both user 
(heat & 
electricity)
  

Reactor 
type 

0 No non-electricity products(a) 1    

1 Desalinated water  
(reverse osmosis) 

1   Any 

2 Hydrogen by electrolysis    Any 

3 Desalinated water  
(multi-stage flash distillation) 

  1 Any 

4 Hydrogen by thermochemical 
decomposition of water (requ. 
HTR coolant > 850 °C) 

 1  Any 

5 Hydrogen by HTSE (requ. 
HTR coolant > 700 °C) 

  1 Any 

6,7 Future use     

(a) No data set required 

Annualized capital cost is calculated by multiplying total capital cost with fixed charge rate, 
which is the percent of the total capitalized cost that must be recovered each year over the plant 
life. Total capital cost is the sum of overnight cost and interest during construction (IDC). 
Overnight cost would be the capital cost of the nuclear hydrogen production plant (NPP and 
HPP), if it could be built overnight with essentially no time between expenditure of capital 
funds and the beginning of hydrogen production. The overnight cost includes the first core fuel 
plus any contingencies. The initial core fuel load may be included in a fuel cost, not in a capital 
cost. 

The total capitalized cost, which includes all relevant contingencies, adjusted IDC and the cost 
for first core, is the amount that is essentially “amortized” in a mortgage type loan over the life 
of the nuclear power plant. For this simplified model the discount rate used for IDC 
(“construction loan”) calculation is the same as that used for loan amortization. Another name 
for loan amortization in this case is capital recovery. Essentially the utility will pay back the 
total capitalized cost (which includes returns to investors) on a levelized annual basis out of 
electricity sales revenues. The revenues must also cover other costs such as reload fuel, 
operations, and the contributions to the D&D escrow fund. 

The amortization formula in the Guidelines[3] is used to calculate the percent of the total 
capitalized cost that must be recovered each year over the facility life. This fraction is also 
called the fixed charge rate (FCR) fraction or percentage. FCR is calculated by the equation: 

  FCR = i/[1 – (1 + i)^(–L)], 

where i is the real discount rate, and L is the plant operating life in years. 
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The FCR times the total capitalized cost is essentially the annualized capital cost, which repays 
interest plus principal regarding construction of nuclear hydrogen production plant. One can 
now also calculate the capital contribution to the cost of electricity by distributing the annual 
payment over the number of kilowatt-hours generated annually by the reactor. The capacity 
factor is used to convert the design capacity of the reactor to kilowatt-hours actually produced. 

 

TABLE 3. GENERAL INPUT PARAMETERS FOR NPP 

Parameter description Remarks Base 
value 

Reactor net electrical capacity Design electrical production capacity in MW of the 
reactor after internal load is subtracted from the gross 
power 

 

Reactor average capacity factor 
over life 

Used to calculate the actual number of kWh produced 
in a year. 

80% 

Thermodynamic efficiency (net) Ratio of the net electrical production capacity to 
overall heat production capacity. 

33% 

Plant economic and operational 
life 

Represents both the expected regulatory and 
operational life of the plant and also the time for 
recovery (amortization) of the capital cost. 

40 

Years to construct  
(up to 10 years allowed) 

Represents the total number of years from the decision 
to proceed with the project to completion of hot start-
up (i.e. just prior to commercial operation). 

6 

Real discount rate for interest 
during construction & 
amortization 

Government financed projects will carry low discount 
rates. Regulated utility projects will have medium 
discount rates. Higher risk ― merchant facilities 
without guaranteed markets or guaranteed loans will 
carry high discount rates. 

5% 

Estimated D&D cost for reactor at 
end-of-life (use 33% of direct 
capital cost if no estimate 
available) 

Projected cost, incl. contingency but excl. interest, to 
decontaminate and decommission the nuclear plant. 
Sometimes the D&D cost is calculated by assuming a 
fixed percentage of the reactor overnight cost. (33%) 

300 

 

The adjusted capacity factor should be used, that is, the one calculated after the “performance 
discount” contingency fraction multiplier is applied. For the strategies provided with the model, 
no performance discount is applied against the initial projected capacity factors. 

3.3.4. Calculation of O&M cost component of LUEC for NPP 

Table 5 shows parameters of the O&M cost. Examples of direct cost are onsite staffing cost, 
cost for maintenance materials, cost for technical support and radioactive waste treatment cost. 
Examples of indirect cost are license and permit cost, insurance cost and so forth. The total 
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O&M cost in M$/a should be utilized. It is considered a small percentage of the direct front-
end cost is spent annually for replacement or upgrade of major process items. 

TABLE 4. PARAMETER DESCRIPTION OF THE O&M COST 

Parameter description Remarks 
On-site staffing cost Based on full time equivalent person count for on-

site staff. 

Pensions and benefits Personnel costs in addition to the base salaries and 
may vary country by country. 

Consumables O&M materials and non-fuel commodities 
required to operate the plant chemicals, special 
clothing, fuels. 

Repair costs Cost for special equipment items needed for 
repairs. 

Purchased services & subcontracts Many utilities worldwide utilize subcontractors for 
special maintenance or repair tasks and for 
refueling outages. 

Insurance premiums & taxes Insurance costs could include premiums for 
commercial and government-provided insurance. 
Taxes would vary from location to location. 

Regulatory fees Regulatory fees would include the costs of 
inspections and maintenance of required permits. 

Radioactive waste management These costs are mainly those to dispose of 
contaminated maintenance equipment and process 
chemicals such as resins (mostly low-level waste). 

Other general and administrative 
(G&A) 

These are overhead‖ costs and vary from utility to 
utility, depending on accounting systems. 

Capital replacements as % of direct 
capital 

These are large equipment items such as steam 
generators or pumps that must periodically be 
replaced over the life of the plant. 

Contingency on non-fuel O&M cost This contingency is the amount added to the total 
non-fuel O&M costs to cover uncertainties. 

 

3.3.5. Calculation of fuel cost component of LUEC for NPP 

Fuel cycle input parameters for NPP is summarized in Table 5. 

Nuclear fuel cost (reload) for the operation of the nuclear power plant is calculated by 
considering fabrication cost of virgin nuclear fuel, and total amount of nuclear fuel per reload. 
The cost might include the cost for interim storage and cost for permanent disposal. 
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Fabrication cost of nuclear fuel is calculated using many information, some of which considered 
as important factors are enrichment level of feed to enrichment plant, enrichment plant tails 
assay, required U enrichment level for nuclear fuel for initial core and reload, etc. 

Fabrication cost of nuclear fuel is for the production of finished enriched uranium fuel 
assemblies from the enriched UF6 product from the enrichment plant. This value is very specific 
to the type of reactor system evaluated because it is considering many important factors such 
as cost of uranium ore (mining and milling), cost of oxide (U3O8) to UF6 conversion, cost of 
uranium enrichment for UF6. 

The cost of uranium enrichment for UF6 is the assumed price per separative work unit (SWU) 
from a commercial enricher. The required SWUs are calculated from the further input data such 
as enrichment level of feed to enrichment plant, enrichment plant tails assay, required uranium 
enrichment level for nuclear fuel for initial core and reload, and so forth. It is expressed in 
$/SWU or $/kg SWU. 

3.3.6. Calculation of D&D cost component of LUEC for NPP 

The decontamination and decommissioning (D&D) cost is the cost, including contingency but 
excluding interest, to decontaminate, decommission and dismantle the nuclear hydrogen 
production plant at the end of commercial operation. One example would be the 
decontamination cost of the items or buildings contaminated with radiation, toxic or undesirable 
waste items. This constant dollar value at the end of commercial operation forms the goal 
amount for the escrow account accumulated during the operating years by use of a sinking fund 
with an interest (discount) rate. This value will vary by plant size, nature of the application 
technology, and decommissioning method. Sometimes the D&D cost is calculated by assuming 
a fixed percentage of the facility overnight cost. 

Annualized decommissioning cost is calculated by multiplying the D&D cost with sinking fund 
factor, SFF(r, N), which is is calculated using the formula: 

SFF(r, N) = r / [(1+r)N – 1] = 0.00246 

where r is the discount rate and N is the plant life. 

3.4. Input to G4-ECONS for HPP 

General input parameters to G4-ECONS for HPP are summarized in Table 6 [1]. 

If all costs are assumed (or calculated) to be equal in all years (i.e. annualized), LUHC can be 
determined from dividing annualized total cost by annual hydrogen production rate. 

LUHC is calculated by the equation: 

  LUHC = (Annualized Capital Cost + Annualized O&M Cost +  
    Annualized Energy Cost + Annualized D&D Cost)  
    / Annual Hydrogen Production Rate 

Table 7 shows the calculation concept of LUHC components for HPP. 
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TABLE 5. PARAMETER DESCRIPTION OF THE FUEL COST 

Parameter description Remarks Base value 
Fuel assembly description This text descriptor indicates the type of fuel 

assembly. 
UOX - PWR 

Heavy metal mass of fuel assembly Mass in metric tons of the fertile and fissile 
elements (heavy metal) in a typical fuel 
assembly 

0 

Fuel assemblies in a full core Represents the number of fuel assemblies that 
comprise the entire reactor core(s); thus, it is 
also the number of fuel assemblies in the 
initial core(s). 

241 

Fuel assemblies per reload Represents the number of fresh, unirradiated 
assemblies introduced into the reactor at the 
beginning of each cycle. The initial core 
assemblies are not counted here. 

107 

Average time between refuelings Cycle time or time between refuelings in 
years. 

1.50 

Fuel cycle code (FC) Used to indicate which type of fuel cycle for 
the reactor system is to be evaluated and 
costed. 

1 

Tails assay for virgin U fed and reprocessed 
U fed enrichment plants (if tails assay opt 
switch = "OFF") 

 0.300% 

Enrichment level of feed to enrichment plant 
for virgin EU (uranium) 

Defines the U-235 content of the UF6 fed to 
the uranium enrichment plant that handles 
`virgin` or unirradiated (non-REPU) feed. 

0.711% 

Required U enrichment level for virgin EU 
reactor fuel (initial [first] core average) 

 3.640% 

Required U enrichment level for virgin EU 
reactor fuel (reload average) 

 3.780% 

Oxide to UF6 conversion (natural or virgin 
EU) 

Commercial price of chemically fluorinating 
U3O8 to the volatile UF6 form needed for 
uranium enrichment 

6.00 

Enrichment for non-REPU (Virgin) UF6  100 
Fabrication of virgin EU fuel  180 
Geological repository.disposition of spent 
fuel (waste fee in mills/kWh or cost in $/kg-
HM) open cycle only 

 307.5 

Geological repository disposition of spent 
fuel: switch indicating cost unit above 
(ENERGY = mills/kw∙h,  
MTHM=$/kg-HM) 

 MTHM 

Contingency on overall fuel cycle cost  0.00 
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TABLE 6. GENERAL INPUT PARAMETERS TO G4-ECONS FOR HPP 

Input parameter description Unit 
Form of energy used by HPP (ELECTRICITY only, HEAT only or 
BOTH) 

Heat 

Production capacity of HPP M m3-H2/a 
Specific heat (or energy) consumption(a) kWh(th)/m3-H2 
Economic life of non-electricity generation application a 
Years to design/construct/start-up a 
Interest during construction switch ( CAL=calculate, VAL=entered as #, 
INCL=dist in other accts) 

 

(*) This number expresses the thermal or electrical energy required per unit of hydrogen produced. 

TABLE 7. CALCULATION CONCEPT OF LUHC COMPONENTS FOR HPP 

Parameter description Unit 
Energy type required by application Heat, electricity, both 
Time required to design, construct and start-up application facility a 
Average quarterly payment during D/C/S if uniform cash flow $M/qtr 
Quarterly discount rate for "S-curve" IDC calculation Qtr-1 
Total capitalized cost (including IDC) of application facility $M 
Application direct cost per kilowatt (th) on installed available cap $/kW(th) 
Production capacity (INPUT)(a) M m3-H2/a 
Capacity factor (assume same as reactor) % 
Annual production M m3-H2/a 
Specific thermal power consumption (INPUT) kWh(th)/m3-H2 
Annual thermal energy required from reactor kWh(th)/a 
Percentage of annual thermal power from reactor % 
Reactor thermal capacity required to support application MW(th) 
Cost per kWh(th) from reactor (heat cost based on electric equiv) mills/kWh(th) or 

$/MWh(th) 
Cost per kWh (CKWH) from reactor (electrical equivalent) mills/kWh(e) or 

$/MWh(e) 
Economic life of application for cap recov  
( = production life) (same as reactor) 

a 

Average annual capital replacement rate  % of TCIC 
Average annual non-thermal energy O&M cost for HPP $M/a 
Average annual thermal energy cost for HPP $M/a 
Average annual capital replacement cost for HPP $M/a 
Total annual production cost incl. thermal energy purchase $M/a 
Annual capital amortization (levelized) based on: 
 Discount rate 
 Fixed charge rate for above discount rate and economic life 

$M/a  
a-1 (same as reactor) 

Total annual cost for application using energy in form of heat $M/a 
(SUMMARY)  
Capital component of unit cost $/m3-H2 
Non-energy ops plus cap repl component of unit cost $/m3-H2 
Thermal energy component of unit cost $/m3-H2 
Total (LUHC) $/m3-H2 

(a) This number states the annual hydrogen production capacity. The actual annual throughput is calculated by 
multiplying this capacity times the capacity factor, which is assumed to be the same as that of NPP supplying the 
process energy to HPP. 
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Annualized capital cost is calculated by multiplying total capital cost with fixed charge rate, 
which is the percent of the total capitalized cost that must be recovered each year over the plant 
life. 

The specific thermal or electrical energy requirement per unit of hydrogen produced should be 
provided as an input regarding energy related performance value. This is highly dependent on 
the chemistry, physics, thermodynamics, heat losses and equipment design for the HPP. 

Energy consumption cost is calculated using this input for the operation of the HPP. 

The LUEC calculated from NPP is converted to a cost of thermal energy by multiplying the 
LUEC by the reactor thermal efficiency. It is at this cost of kWh(th) that the hydrogen producer 
purchases energy to operate the highly endothermic process. Energy purchase is the highest 
component of the LUHC for HPP. The LUPC is again calculated by the facility life cycle LUHC 
method and the “power credit” method. In this case the reactor is still assumed to have a turbine 
generator (T/G). A truly dedicated process heat reactor would probably not have the T/G; 
however, a means of removing reactor heat would still be needed in case the H2 process shuts 
down. A T/G would allow the sale of electricity to the grid or a dual-use operation. 

3.5. Comparison of G4-ECONS with HEEP 

3.5.1. Difference in financial parameters 

In HEEP, all the financial parameters such as tax rate, inflation rate, equity to debt ratio and 
interest rate are listed separately as an input to HEEP. On the other hand, all the financial 
parameters are all incorporated into the real discount rate which is supposed to represent 
financial situation of the individual country. This provides a simple means for adjustment of 
G4-ECONS in both developed and developing countries, even though tax structures, discount 
rates and financing methods are different in different countries and regions. 

The same real (inflation-free) discount rate is used for construction financing, capital 
amortization, and decontamination and decommissioning (D&D) escrow fund accumulation. 
Judicious selection of the real discount rate can be used to account for the effects of 
socioeconomic factors or policies such as taxation, financing risk, market risk, “merchant” plant 
financing, government vs. private ownership, and national investment policy. This is one of the 
inherent reasons why the output results of G4-ECONS and HEEP can’t exactly match each 
other. 

3.5.2. Checking the inadequacy of input data and output result 

In HEEP, there are no `warning signs` to identify situations where inconsistent input data have 
been entered or where physically impossible results have been made. On the other hand, in 
GEN4-ECONS it would be more convenient to check the result, since it shows you step by step 
intermediate calculation procedures so that you can confirm the adequacy of input data and 
corresponding result. If you enter the wrong input data and have absurd result, you can easily 
find out your mistake by rechecking the calculating procedures. 

The total amount of heat and/or electricity that hydrogen production plant needed is calculated 
by multiplying specific thermal consumption with hydrogen production rate. The “specific 
thermal consumption” and/or “specific electricity consumption” should be provided as an input 
data to G4-ECONS while and provided as and, while “thermal rating “ and “heat for H2 plant “ 
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should be provided as input to the nuclear power plant in HEEP. The output from the run of 
G4-ECONS is LUEC and LUHC while that from the run of HEEP is LUHC only. 

3.5.3. Difference in meaning of “Energy Usage Cost” in HEEP and “Energy Cost” in G4-
ECONS 

In HEEP, there is a possibility that individuals can interpret meaning of input data differently 
and have a mismatch in results from two programs. It is required to understand clearly about 
the meaning of “Energy usage cost” and “ Electricity required for HPP". 

It is recognized that the number of HPP unit can be different from that of NPP. It is also 
recognized that O&M cost and D/D cost is given by % of capital cost. 

In HEEP, If the energy for hydrogen production exceeds the reactor capacity, extra energy 
should be imported from the outside. This energy cost imported from outside is entered into 
”Energy Usage Cost”. 

On the other hand, in G4-ECONS, the energy requirements for the non-electricity application 
(i.e. hydrogen or desalinated water) must not exceed what the reactor can produce. The user 
can adjust the production capacity of the application to provide a correct match. The energy 
cost for the hydrogen production is calculated based on the electricity cost (or thermal energy 
cost) produced from the reactor plant. 

In other words, G4-ECONS is reliable in calculating energy cost as long as the energy required 
from the hydrogen plant is within the reactor capacity. Therefore, the energy cost is not input 
data, and is calculated from the reactor module. On the other hand, in case of HEEP if the 
energy required from the hydrogen plant is within the reactor capacity, the energy usage cost is 
`zero`. If the energy required from hydrogen plant exceeds the reactor capacity, the 
corresponding difference between the two will be input value to “energy usage cost”. 

 
4. HEEP BENCHMARKING 

4.1. Brief description of five generic cases provided by IAEA 

The nuclear hydrogen production plant consists of nuclear power plant(NPP) and hydrogen 
production plant(HPP). IAEA provides five generic cases for the nuclear hydrogen production 
plant, each case of which is a combination of NPP and HPP. The first three generic cases are 
the combination of advanced PWR and conventional electrolysis. These three cases are 
distinguished by hydrogen production capacity of the HPP, which are 4 kg/s, 8 kg/s, and 
12 kg/s, respectively. The generic case 4 is a combination of HTGR and high temperature steam 
electrolysis (HTSE) and the generic case 5 is a combination of HTGR and sulfur–iodine (S–I) 
thermochemical cycle, both with the same hydrogen production rate of 4 kg/s. 

Input data and relevant information needed to run HEEP for five generic cases are provided by 
IAEA. Insufficient data to run HEEP for each case are from reasonable assumption or 
calculation based on the given information. Table 8 shows the input data for NPP and HPP for 
five generic cases. 
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4.2. Calculation of hydrogen cost with HEEP for five generic cases provided by IAEA 

We have run HEEP for the 5 sample generic cases provided by IAEA to understand the structure 
and algorithm of HEEP and eventually to provide comments and suggestions for the 
improvements to the HEEP. After several trial and error corrections, we have identified the 
nature of the input data, and learn how to prepare input data and run HEEP to finally calculate 
LUHC. 

The first time we run HEEP, we have a little different results from those of India’s because of 
mismatch in understanding the exact meaning of input data. In the original input data, the unit 
for the capital cost was expressed in US $/kg-H2. When we used this data, we didn’t have any 
reasonable results at all. We suggested that we should revise it to “US $/unit”. 

Regarding input data for O&M cost and decommissioning cost, they are supposed to be 
converted to “% of capital cost”. There was a confusion at first, because O&M cost and 
decommissioning cost are supposed to be understood as “annual cost”, but input data for 
“capital cost” does not include annual cost concept. Therefore, we think it is better to input 
“annual cost” itself rather than “% of capital cost”. 

After correcting unit for the capital cost from US $/kg-H2 to US $/unit, we have our results 
close to those of India’s. We have results close to each other and we concluded we have the 
common understanding regarding the meaning of the input data for HEEP and incorporated 
some improvements to HEEP after HEEP applications for five generic cases. 

4.2.1. Generic Case 1 (APWR and CE with H2 rate 4 kg/s) 

Generic case 1 is a small scale nuclear hydrogen production plant by CE (conventional 
electrolysis) combined with APWR (Advanced Pressurized Water Reactor) of which reactor 
capacity is 2×359.5 MW(e) and hydrogen production rate is 4 kg/s, respectively. 

The input data and output result for generic case 1 with HEEP are displayed in Table 9 and 10, 
respectively. 

4.2.2. Generic Case 2 (APWR and CE with H2 rate 8 kg/s) 

Generic case 2 is a small scale nuclear hydrogen production plant by CE combined with APWR 
of which reactor capacity is 2×719.0 MW(e) and hydrogen production rate is 8 kg/s, 
respectively. 

The input data and output result for generic case 1 with HEEP are displayed in Table 11 and 
12, respectively. 

4.2.3. Generic Case 3 (APWR and CE with H2 rate 12 kg/s) 

Generic case 3 is a small scale nuclear hydrogen production plant by CE combined with APWR 
of which reactor capacity is 2×1117 MW(e) and hydrogen production rate is 12 kg/s, 
respectively. It is assumed that all the electricity produced by the reactor is used to produce 
hydrogen by electrolysis with 93% capacity factor. 

The input data and output result for generic case 1 with HEEP are displayed in Table 13 and 
14, respectively. 
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TABLE 8. INPUT DATA FOR FIVE GENERIC CASES PROVIDED BY IAEA 

 1. APWR and CE 
(H2 rate: 4 kg/s) 

2. APWR and CE 
(H2 rate: 8 kg/s) 

3. APWR and CE 
(H2 rate: 12 kg/s) 

4. HTGR and HTSE 
(H2 rate: 4 kg/s) 

5. HTGR and S–I 
(H2 rate: 4 kg/s) 

Nuclear power plant 2×359.5 MW(e) APWR 2×719.0 MW(e) APWR 2×1117 MW(e)  
AP-1000 

2×509.3 MW(th) HTGR 2×630.7 MW(th) HTGR 

Capital investment total  6310 M$ (1) scaled  
using data 
for PWR 
(2) 

9313 M$ (1) scaled  
using data 
for PWR 
(2) 

11 928 M$ (1) 804.6 M$ (1) + linear 
scaling 

1210 M$ (1) + linear 
scaling 

Annual O&M expenses 104.9 M$ (1) + linear 
scaling 

$154.8M (1) + linear 
scaling 

$198.28M      

Capacity factor 93% (5) 93% (5) 93% (5) 90% (3) 90% (4) 
Construction period 5 a (6) 5 a (6) 5 a (6) 3 a (3) 3 a (4) 
Total fuel cost (net) 
see note 1 

34.95 M$/a See note 2 51.60 M$/a See note 2 66.09 M$/a See note 2 38.24 M$/a (3) + linear 
scaling 

69.73 M$/a (4) + linear 
scaling 

Decommissioning of 
NPP and HPP or just 
NPP 

2.8%  
of CC 

(7) 2.8%  
of CC 

(7) 2.8%  
of CC 

(7) $94.02M 10% of CC 
(3) 

$101.0M 10% of CC 
assumed 

Hydrogen production 
facility 

CE  CE  CE  HTSE  S–I  

Total thermal hydrogen 
process efficiency 
(HHV) 

26.07% See note 3 26.07% See note 3 26.07% See note 3 39.82% (3) 45.02% See note 5 

Capital cost 422.6 M$ See note 4 845.2 M$ See note 4 1313 M$ See note 4 458.5 M$ (3) + linear 
scaling 

666.2 M$ (4) + linear 
scaling 

Non-process electricity 
required  

        428 MW(e) (4) + linear 
scaling 

Annual O&M expenses 16.90 M$ 4% of CC 
(8) 

33.81 M$ 4% of CC 
(8) 

$52.52M 4% of CC 
(8) 

79.04 M$ (3) + linear 
scaling 

44.52 M$ (4) + linear 
scaling 

Demineralized water 
consumption  

1.135×109 
L/a 

9 L 
distilled 
water per 
kg-H2 

2.271×109 
L/a 

9 L 
distilled 
water per 
kg-H2 

3.528×109 
L/a 

9 L 
distilled 
water per 
kg-H2 

1.135×109 
L/a 

9 L 
distilled 
water per 
kg-H2 

1.135×109 
L/a 

9 L 
distilled 
water per 
kg-H2 

Decommissioning  10%  10%  10%  10%  10%  
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TABLE 9. HEEP INPUT DATA FOR GENERIC CASE 1 

Parameter Value 
NPP  
Thermal rating (MW(th)/unit) 1089.4 
Heat for H2 plant (MW(th)/unit) 0.0001 
Electricity rating (MW(e)/unit) 359.5 
Number of units 2 
Initial fuel load (kg/unit) 27 000 
Annual fuel feed (kg/unit) 9000 
Capital cost (US $/unit) 3.16E+9 
Electricity generating infrastructure (% of CC) 10 
Fuel cost (US $/kg) 1850 
O&M cost (% of CC) 1.66 
Decommissioning cost (% of CC) 2.8 
Capacity factor (%) 93 
Availability factor (%)  100 
HPP   
Hydrogen generation per unit (kg/a) 1.26E+8 
Heat consumption (MW(th)/unit) 0.0001 
Electricity required (MW(e)/unit) 719 
Number of units 1 
Capital cost (US $/kg H2) 4.23E+8 
Energy usage cost (US $) 0 E+0 
Other O&M cost (% of CC) 4 
Decommissioning cost (% of CC) 10 
Capacity factor (%) 93 
Availability factor (%) 100 

 

 

TABLE 10. HEEP OUTPUT FOR GENERIC CASE 1 

 NPP HPP Total 
Capital cost (debt) 1.70 0.11 1.81 
Capital cost (equity) 2.21 0.15 2.36 
O&M and refurbishment 0.83 0.15 0.98 
Consumable cost 0 0 0 
Decommissioning cost 0.12 0.02 0.15 
Fuel cost 0.30 - 0.30 
Total of the facilities 5.17 0.44 5.61 

 

4.2.4. Generic Case 4 (HTGR and HTSE with H2 rate 4 kg/s) 

Generic case 4 is a small scale nuclear hydrogen production plant by HTSE (High Temperature 
Steam Electrolysis) combined with HTGR (High Temperature Gas-cooled Reactor) of which 
reactor capacity is 2×509.3 MW(th) and hydrogen production rate is 4 kg/s, respectively. 

The input data and output result for generic case 4 with HEEP are displayed in Table 15 and 
16, respectively. 
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TABLE 11. HEEP INPUT DATA FOR GENERIC CASE 2 

Parameter Value 
NPP  
Thermal rating (MW(th)/unit) 2178.8 
Heat for H2 plant (MW(th)/unit) 0.0001 
Electricity rating (MW(e)/unit) 719.0 
Number of units 2 
Initial fuel load (kg/unit) 54 000 
Annual fuel feed (kg/unit) 18 000 
Capital cost (US $/unit) 4.66E+9 
Electricity generating infrastructure (% of CC) 10 
Fuel cost (US $/kg) 1365 
O&M cost (% of CC) 1.66 
Decommissioning cost (% of CC) 2.8 
Capacity factor (%) 93 
Availability factor (%)  100 
HPP   
Hydrogen generation per unit (kg/a) 2.52E+8 
Heat consumption (MW(th)/unit) 0.0001 
Electricity required (MW(e)/unit) 1438 
Number of units 1 
Capital cost (US $/kg H2) 8.45E+8 
Energy usage cost (US $) 0 E+0 
Other O&M cost (% of CC) 4 
Decommissioning cost (% of CC) 10 
Capacity factor (%) 93 
Availability factor (%) 100 

 

TABLE 12. HEEP OUTPUT FOR GENERIC CASE 2 

 NPP HPP Total 
Capital cost (debt) 1.25 0.11 1.37 
Capital cost (equity) 1.63 0.15 1.78 
O&M and refurbishment 0.61 0.15 0.76 
Consumable cost 0 0 0 
Decommissioning cost 0.09 0.02 0.12 
Fuel cost 0.22 - 0.22 
Total of the facilities 3.81 0.44 4.25 

 

 

4.2.5. Generic Case 5 (HTGR and S–I with H2 rate 4 kg/s) 

Generic case 5 is a small scale nuclear hydrogen production plant by S–I (sulfur–iodine) is 
combined with HTGR of which reactor capacity is 2×630.7 MW(th) and hydrogen production 
rate is 4 kg/s, respectively. 

The input data and output result for generic case 5 with HEEP are displayed in Table 17 and 
18, respectively. 
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TABLE 13. HEEP INPUT DATA FOR GENERIC CASE 3 

Parameter Value 
NPP  
Thermal rating (MW(th)/unit) 3384.8 
Heat for H2 plant (MW(th)/unit) 0.0001 
Electricity rating (MW(e)/unit) 1117.0 
Number of units 2 
Initial fuel load (kg/unit) 75 000 
Annual fuel feed (kg/unit) 25 000 
Capital cost (US $/unit) 5.96E+9 
Capital cost fraction for electricity generating infrastructure (%) 10 
Fuel cost (US $/kg) 1260 
O&M cost (% of CC) 1.66 
Decommissioning cost (% of CC) 2.8 
Capacity factor (%) 93 
Availability factor (%)  100 
HPP   
Hydrogen generation per unit (kg/a) 3.78E+8 
Heat consumption (MW(th)/unit) 0.0001 
Electricity required (MW(e)/unit) 2234 
Number of units 1 
Capital cost (US $/kg H2) 1.31E+9 
Energy usage cost (US $) 1.68E+4 
Other O&M cost (% of CC) 4 
Decommissioning cost (% of CC) 10 
Capacity factor (%) 93 
Availability factor (%) 100 

 

 

TABLE 14. HEEP OUTPUT FOR GENERIC CASE 3 

 NPP HPP Total 

Capital cost (debt) 1.07 0.12 1.19 

Capital cost (equity) 1.39 0.15 1.54 

O&M and refurbishment 0.52 0.15 0.68 

Consumable cost 0 0 0 

Decommissioning cost 0.08 0.03 0.10 

Fuel cost 0.19 - 0.19 

Total of the facilities 3.25 0.45 3.70 

 

4.3. Analysis of hydrogen cost with HEEP for five generic cases 

Hydrogen production cost and the contribution of each cost factor are calculated with HEEP 
for five generic cases. The calculation results for hydrogen cost and contribution of each cost 
factor are summarized in Table 19 and Table 20, respectively. 
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TABLE 15. HEEP INPUT DATA FOR GENERIC CASE 4 

Parameter Value 
NPP  
Thermal rating (MW(th)/unit) 510 
Heat for H2 plant (MW(th)/unit) 510 
Electricity rating (MW(e)/unit) 0 
Number of units 2 
Initial fuel load (kg/unit) 14 000 
Annual fuel feed (kg/unit) 5000 
Capital cost (US $/unit) 4.02E+8 
Electricity generating infrastructure (% of CC) 10 
Fuel cost (US $/kg) 3660 
O&M cost (% of CC) 5.84 
Decommissioning cost (% of CC) 10 
Capacity factor (%) 93 
Availability factor (%)  100 
HPP   
Hydrogen generation per unit (kg/a) 1.14E+8 
Heat consumption (MW(th)/unit) 1020 
Electricity required (MW(e)/unit) 0 
Number of units 1 
Capital cost (US $/kg H2) 4.59E+8 
Energy usage cost (US $) 0 E+0 
Other O&M cost (% of CC) 17.2 
Decommissioning cost (% of CC) 10 
Capacity factor (%) 93 
Availability factor (%) 100 

 

 

TABLE 16. HEEP OUTPUT FOR GENERIC CASE 4 

 NPP HPP Total 
Capital cost (debt) 0.21 0.13 0.34 
Capital cost (equity) 0.24 0.17 0.41 
O&M and refurbishment 0.37 0.77 1.14 
Consumable cost 0 0 0 
Decommissioning cost 0.06 0.03 0.09 
Fuel cost 0.36 - 0.36 
Total of the facilities 1.24 1.10 2.34 

 

The results of India’s are also shown in Table 19 to check the reliability of HEEP. The 
difference between user and India’s might come from unintended misunderstanding of input 
data and applying different financial parameters. The misunderstandings are now almost 
cleared after several meetings to solve the differences. 
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TABLE 17. HEEP INPUT DATA FOR GENERIC CASE 5 

Parameter Value 
NPP  
Thermal rating (MW(th)/unit) 630.7 
Heat for H2 plant (MW(th)/unit) 630.7 
Electricity rating (MW(e)/unit) 0 
Number of units 2 
Initial fuel load (kg/unit) 18 000 
Annual fuel feed (kg/unit) 6000 
Capital cost (US $/unit) 6.05E+8 
Electricity generating infrastructure (% of CC) 0 
Fuel cost (US $/kg) 5535 
O&M cost (% of CC) 1.82 
Decommissioning cost (% of CC) 10 
Capacity factor (%) 93 
Availability factor (%)  100 
HPP   
Hydrogen generation per unit (kg/a) 1.14E+8 
Heat consumption (MW(th)/unit) 1261.4 
Electricity required (MW(e)/unit) 428 
Number of units 1 
Capital cost (US $/kg H2) 6.66E+8 
Energy usage cost (US $) 2.70E+8 
Other O&M cost (% of CC) 6.68 
Decommissioning cost (% of CC) 10 
Capacity factor (%) 93 
Availability factor (%) 100 

 

TABLE 18. HEEP OUTPUT FOR GENERIC CASE 5 

 NPP HPP Total 
Capital cost (debt) 0.36 0.20 0.56 
Capital cost (equity) 0.47 0.26 0.73 
O&M and refurbishment 0.19 2.80 2.99 
Consumable cost 0 0 0 
Decommissioning cost 0.09 0.04 0.14 
Fuel cost 0.67 - 0.67 
Total of the facilities 1.78 3.30 5.08 

 

TABLE 19. CALCULATION RESULTS OF HYDROGEN COST FOR FIVE GENERIC CASES 
(UNIT: US $/kg-H2) 

 Case 1 Case 2 Case 3 Case 4 Case 5 

NPP 5.17 3.81 3.25 1.24 1.78 

HPP 0.44 0.44 0.45 1.10 3.30 

Total 5.61 4.25 3.70 2.34 5.08 

India’s results 5.53 4.14 3.56 2.24 4.91 
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TABLE 20. CALCULATION RESULTS OF CONTRIBUTION OF COST FACTORS TO 
HYDROGEN COST FOR FIVE GENERIC CASES (UNIT: US $/kg-H2) 

 Cost factor Case 1: 
APWR + 
CE  
4 kg/s 

Case 2: 
APWR + 
CE  
8 kg/s 

Case 3: 
APWR + 
CE  
12.43 kg/s 

Case 4: 
HTGR + 
HTSE  
4 kg/s 

Case 5: 
HTGR + 
S–I  
4 kg/s 

NPP Capital cost (D) 1.70 1.25 1.07 0.21 0.36 

Capital cost (E) 2.21 1.63 1.39 0.24 0.47 

O&M cost 0.83 0.61 0.52 0.37 0.19 

Decomm. cost 0.12 0.09 0.08 0.06 0.09 

Fuel cost 0.30 0.22 0.19 0.36 0.67 

Sub-total 5.17 3.81 3.25 1.24 1.78 

HPP Capital cost (D) 0.11 0.11 0.12 0.13 0.20 

Capital cost (E) 0.15 0.15 0.15 0.17 0.26 

O&M cost 0.15 0.15 0.15 0.77 2.80 

Decomm. cost 0.02 0.02 0.03 0.03 0.04 

Sub-total 0.44 0.44 0.45 1.10 3.30 

 Total 5.61 4.25 3.70 2.34 5.08 

 

 

4.3.1. Calculation results of hydrogen cost for generic cases 1~5 

The results for cases 1~5 are represented in Fig.s 1 to 3. 

In Fig. 1, it was understood that contribution of NPP’s to the hydrogen production cost is much 
bigger than that of HPP for cases 1–3. This is quite different from case 4 and case 5, where 
HPP’s contribution to the hydrogen cost is a little bigger or almost same as that of NPP. 

Hydrogen cost in case 4, is much lower than that of cases 1–3, which implies that hydrogen 
production by HTSE is much more economical than that of conventional electrolysis. It looks 
like that case 5 where the hydrogen are produced by S–I process is less economical than 
cases 1–3 (CE) or case 4 (HTSE). It turns out this was due to the input data to “electricity 
required” by HPP in case 5, which was much bigger than actual value. After recalculation with 
actual value, it turns out the hydrogen cost is 2.95 $/kg for case 5 (if we use 42 MW(e)/unit 
instead of 428 MW(e)/unit). However, this report is focused on benchmarking of HEEP, it is 
okay to stick to the original input data. 
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FIG. 1. Hydrogen production cost for NPP, HPP in cases 1–5. 

 

 

FIG. 2. Relative contributions of NPP and HPP to hydrogen cost in cases 1–5. 

 

 

FIG. 3. Contributions of various cost factors to hydrogen cost in cases 1–5. 
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4.3.2. Calculation results of hydrogen cost for generic cases 1–3 

The results for cases 1–3 are displayed in Fig.s 4 to Fig. 6. 

Fig 5 actually shows the hydrogen cost variation vs. the hydrogen production rate. The result 
shows the higher the hydrogen production rate is, the lower the hydrogen cost is, which is quite 
reasonable considering the scale up effect. 

Fig. 6 shows the contributions of the cost factors consisting of nuclear hydrogen production 
plant. The capital cost is the most influential factor, followed by O&M cost, fuel cost and 
decommissioning cost. The decommissioning cost is the smallest and almost negligible. 

 

 

FIG. 4. Hydrogen production cost for NPP, HPP in cases 1–3. 

 

 

FIG. 5. Relative contributions of NPP and HPP to hydrogen cost in cases 1–3. 
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FIG. 6. Contributions of various cost factors to hydrogen cost in cases 1–3. 

 

4.3.3. Calculation results of hydrogen cost for generic case 4 and case 5 

The results for case 1 and case 5 are displayed in Fig. 7 to Fig. 9. 

The results from case 4 and case 5 shows which one is relatively more economical for the 
hydrogen production between HTSE and S–I when the hydrogen production rate is the same. 

 

 

 

FIG. 7. Hydrogen production cost for NPP, HPP in cases 4 and case 5. 
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FIG. 8. Relative contributions of NPP and HPP to hydrogen cost in case 4 and case 5. 

 

 

FIG. 9. Contributions of various cost factors to hydrogen cost in case 4 and case 5. 

 

In Fig. 7 to Fig. 9, it could be said that case 4 (HTSE) is much more efficient than case 5 (S–I) 
for nuclear hydrogen production. However, as already mentioned, when the actually correct 
data are used, the hydrogen cost drops to 2.95 $/kg from 5.08 $/kg, which still makes S–I 
competitive to HTSE. 

4.3.4. Calculation results of hydrogen cost for generic case 1, case 4, and case 5 

The results for case 1, case 4, and case 5 are presented in Fig. 10 to Fig. 12. 

The results from case 1, case 4 and case 5 shows the effect of hydrogen production methods on 
the hydrogen production cost when the hydrogen production rate is the same. 
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FIG. 10. Hydrogen production cost for NPP, HPP in cases 1, 4 and 5. 

 

FIG. 11. Relative contributions of NPP and HPP to hydrogen cost in cases 1, 4 and 5. 

 

FIG. 12. Contributions of various cost factors to hydrogen cost in cases 1, 4 and 5. 
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Figure 10 to Fig. 12 show the hydrogen cost and contributions of NPP and HPP to hydrogen in 
case 1, 4 and 5. It shows that hydrogen production cost by both HTSE and S–I are apparently 
much lower than those of hydrogen production by CE at the same hydrogen production rate. 

4.3.5. Sensitivity analysis 

Sensitivity analysis was done to evaluate the effect of cost factors on the hydrogen cost. Cost 
factors include financial parameters such as discount rate, borrowing interest, equity to debt 
ratio, tax rate, inflation rate as well as other parameters such as construction period, operating 
years, depreciation period. The results of the sensitivity analysis for generic case 4 are 
summarized in Table 21. 

TABLE 21. RESULTS OF SENSITIVITY ANALYSIS FOR CASE 4 

Parameters Value Hydrogen cost ($/kg) Deviation (%) 

Borrowing interest 

7.5% 2.23 

~5.5% 10% (base) 2.36 

12.5% 2.49 

Equity:debt 

100:0 2.07 

~12.3% 50:50 (base) 2.36 

0:100 2.65 

Tax rate 

7.5% 2.36 

~0.4% 10% (base) 2.36 

12.5% 2.35 

Inflation rate 

1% 2.44 

~8.0% 2% (base) 2.26 

3% 2.30 

Discount rate 

4% (base) 2.36 

~4.5% 6% 2.42 

8% 2.53 

Construction year 

3 2.34 

~0.4% 5 (base) 2.36 

7 2.37 

Operating years 

40 (base) 2.36 

~13.1% 50 2.17 

60 2.05 

Depreciation period 

20 (base) 2.36 

~0.4% 30 2.36 

40 2.37 
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From the results shown in Table 21, it was observed that discount rate, borrowing interest, 
equity to debt ratio, inflation rate and plant operating years have much influences on the 
hydrogen cost but the construction period, depreciation period and tax rate have little effect on 
hydrogen cost as long as calculation with HEEP is concerned. 

4.4. Benchmark of HEEP with G4-ECONS for 5 generic cases provided by IAEA 

For benchmarking HEEP program, we have run G4-ECONS program for the five generic cases. 

4.4.1. Generic case 1 

Generic case 1 is a small scale nuclear hydrogen production plant by CE (Conventional 
Electrolysis) combined with APWR (Advanced Pressurized Water Reactor) of which reactor 
capacity is 2×359.5 MW(e) and hydrogen production rate is 4 kg/s, respectively. 

The input data and output result for generic case 1 with HEEP are displayed in Fig. 13. LUHC 
for case 1 with HEEP calculation is 5.6 $/kg. 

 

 

FIG. 13. HEEP input data and output results for generic case 1. 

As previously explained, the energy usage cost is an input data for HPP in HEEP. Only if the 
energy needed in HPP exceeds the thermal and/or electrical output of the reactor, the “energy 
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usage cost” will be entered. This is the reason we have input data for “energy usage cost” is 
`zero` in this case. 

On the other hand, G4-ECONS Input Data for Generic Case 1 are shown in Table 22. 

 

TABLE 22. G4-ECONS INPUT DATA FOR GENERIC CASE 1 

Parameter Value 

APWR  

Reactor capacity (MW(e)) 2×359.5 

Capital cost (M$) 6320 

Annual O&M cost (M$/a) 104.9 

Annual fuel cost (M$/a) 33.3 

D&D cost (M$) 17.70 

Initial fuel load (kg) 54 000 

Annual fuel consumption (kg/a) 18 000 

Rate of finished fuel ($/kg) 1850 

Conventional electrolysis  

Hydrogen production rate (kg/s) 4 

Capital cost (M$) 845 

Annual O&M cost (M$/a) 33.8 

D&D cost (M$) 84.5 

SEPC (specific electric power consumption) for HPP 
(kWh(e)/m3-H2) 

4.81 

STPC (specific thermal power consumption) for HPP 
(kWh(e)/m3-H2) 

- 

 

 

In G4-ECONS, SEPC (specific eectric power consumption) for HPP is needed as an input data. 
This value expresses the electrical energy required per unit of hydrogen produced. Technical 
analysis of the process or experimental data is needed to determine this value. 

This value is calculated from the given information to be 4.81 kWh(e)/m3-H2. Using above 
input data, energy consumption in HPP is 5.86E+09 kW(e)h/a. Using above input data, LUEC 
and LUHC for generic case 1 with G4-ECONS is 40 mills/kWh(e) and 5.41 $/kg-H2, 
respectively. 
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4.4.2. Generic case 2 

Generic case 2 is a small scale nuclear hydrogen production plant by CE combined with APWR 
of which reactor capacity is 2×719.0 MW(e) and hydrogen production rate is 8 kg/s, 
respectively. 

The input data and output results for generic case 2 with HEEP are shown in Fig. 14. 

LUHC for case 2 with HEEP calculation is 4.25 $/kg. 

 

 

FIG. 14. HEEP input data and output results for generic case 2. 

On the other hand, G4-ECONS input data for generic case 2 are shown in Table 23. 
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TABLE 23. G4-ECONS INPUT DATA FOR GENERIC CASE 2 

Parameter Value 

APWR  

Reactor capacity (MW(e)) 2×719 

Capital cost (M$) 9320 

Annual O&M cost (M$/a) 154.7 

Annual fuel cost (M$/a) 49.14 

D&D cost (M$) 260.9 

Initial fuel load (kg) 108 000 

Annual fuel consumption (kg/a) 36 000 

Rate of finished fuel ($/kg) 1365 

Conventional electrolysis  

Hydrogen production rate (kg/s) 8 

Capital cost (M$) 845.2 

Annual O&M cost (M$/a) 33.8 

D&D cost (M$) 84.5 

SEPC (specific electric power consumption) for HPP 
(kWh(e)/m3-H2) 

4.81 

STPC (specific thermal power consumption) for HPP 
(kWh(e)/m3-H2) 

- 

 

Initial fuel cost = 108 000 × 1365 = 147.42 M$ 

Annual fuel cost = 36 000 × 1365 = 49.14 M$ 

In generic case 2, SEPC for HPP is calculated to be 4.81 kWh(e)/m3-H2 from the given 
information. Using above input data, the results for generic case 2 with G4-ECONS are: 

Energy consumption in hydrogen plant = SEPC × HPR × capacity factor = 1.17E+10 kWh(e)/a 

Unit energy cost from reactor: 66.87 mills/kWh(e) 

Annual energy cost: 783.34 M$/a 

LUHC from G4-ECONS: 4.17 $/kg-H2 (electricity supplied at cost of 66.87 $/MWh) 

4.4.3. Generic case 3 

Generic case 3 is a small scale nuclear hydrogen production plant by CE combined with APWR 
of which reactor capacity is 2×11117 MW(e) and hydrogen production rate is 12 kg/s, 
respectively. It is assumed that all the electricity produced by the reactor is used to produce 
hydrogen by electrolysis with 93% capacity factor. 
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The input data and output result for generic case 3 with HEEP are as in Fig. 15. LUHC for case 
3 with HEEP calculation is 3.70 $/kg. 

Initial fuel cost = 150 000 × 1260 = 189 M$ 

Annual fuel cost = 50 000 × 1260 = 63 M$ 

In generic case 3, SEPC for HPP is calculated to be 4.79 kWh(e)/m3-H2 from the given 
information. Using above input data, the results for generic case 3 with G4-ECONS are: 

Energy consumption in hydrogen plant = SEPC × HPR × capacity factor = 1.82E+10 kWh(e)/a 

Unit energy cost from reactor: 57.81 mills/kWh(e) 

Annual energy cost: 1052.17 $M/a 

LUHC from G4-ECONS: 3.39 $/kg-H2 (electricity supplied at cost of 57.81 $/MWh) 

 

FIG. 15. HEEP input data and output results for generic case 3. 
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On the other hand, G4-ECONS input data for generic case 3 are shown in Table 24. 

TABLE 24. G4-ECONS INPUT DATA FOR GENERIC CASE 3 

Parameter Value 

APWR  

Reactor capacity (MW(e)) 2×1117 

Capital cost (M$) 11 920 

Annual O&M cost (M$/a) 197.8 

Annual fuel cost (M$/a) 63.0 

D&D cost (M$) 333.8 

Initial fuel load (kg) 150 000 

Annual fuel consumption (kg/a) 50 000 

Rate of finished fuel ($/kg) 1260 

Conventional electrolysis  

Hydrogen production rate (kg/s) 12 

Capital cost (M$) 1310 

Annual O&M cost (M$/a) 52.4 

D&D cost (M$) 131 

SEPC (specific electric power consumption) for HPP 
(kWh(e)/m3-H2) 

4.79 

STPC (specific thermal power consumption) for HPP 
(kWh(e)/m3-H2) 

- 

 

4.4.4. Generic case 4 

Generic case 4 is a small scale nuclear hydrogen production plant by HTSE (High Temperature 
Steam Electrolysis) combined with HTGR (High Temperature Gas Reactor) of which reactor 
capacity is 2×509.3 MW(th) and hydrogen production rate is 4 kg/s, respectively. 

The input data and output results for generic case 4 with HEEP are displayed in Fig. 16. 

LUHC for case 4 with HEEP calculation is 2.34 $/kg. 

Initial fuel cost = 28 000 × 3660 =189 M$ 
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FIG. 16. HEEP input data and output results for generic case 4 

 

Annual fuel cost = 10 000 ×3660 = 36.6 M$/a  

In G4-ECONS, SEPC and STPC for HPP are needed as input data. The SEPC is calculated 
from the given information to be 2.90 kWh(e)/m3-H2 and STPC is calculated to be 
0.60 kWh(th)/m3-H2. 

Using above input data, the results with G4-ECONS are: 

 Energy consumption in hydrogen plant = (SEPC+STPC) × HPR × capacity factor = 4.13E+09 
kWh(e)/a. 

Unit energy cost from reactor: 38.08 mills/kWh(e) 

Unit thermal energy cost from reactor: 18.28 mills/kWh(th) 

Annual energy cost: 134 M$/a 

LUHC from G4-ECONS: 2.58 $/kg-H2 (electricity supplied at cost of 38.08 $/MWh) 
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. 

On the other hand, G4-ECONS input data for generic case 4 are shown in Table 25. 

TABLE 25. G4-ECONS INPUT DATA FOR GENERIC CASE 4 

Parameter Value 

HTGR  

Reactor capacity (MW(e)) 2×509.3 

Capital cost (M$) 804.6 

Annual O&M cost (M$/a) 5.84% of CC (= 47.0) 

Annual fuel cost (M$/a) 36.6 

D&D cost (M$) 10% of CC (= 80.5) 

Initial fuel load (kg) 28 000 

Annual fuel consumption (kg/a) 10 000 

Rate of finished fuel ($/kg) 3660 

High temperature steam electrolysis  

Hydrogen production rate (kg/s) 4 

Capital cost (M$) 458.5 

Annual O&M cost (M$/a) 79.13 

D&D cost (M$) 79.04 

SEPC (specific electric power consumption) for HPP 
(kWh(e)/m3-H2) 

2.90 

STPC (specific thermal power consumption) for HPP 
(kWh(e)/m3-H2) 

0.45 

 

4.4.5. Generic case 5 

Generic case 5 is a small scale nuclear hydrogen production plant by S–I (sulfur–iodine) is 
combined with HTGR of which reactor capacity is 2×630.7 MW(th) and hydrogen production 
rate is 4 kg/s, respectively. The input data and output result for generic case 5 with HEEP are 
shown in Fig. 17. LUHC for case 5 with HEEP calculation is 5.08 $/kg. 

In generic case 5, it is assumed that electricity of 428 MW(e) is supplied to HPP from outside 
at cost of 72 $/MWh. Hence, 

“Energy Usage Cost” in HEEP: 72 $/MWh(e) × 428 MW(e) × 8760 h/a = 269.95 M$/a. 
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On the other hand, G4-ECONS input data for generic case 5 are shown in Table 26. 

Initial fuel cost = 36 000 × 5535 =199.26 M$ 

 

FIG. 17. HEEP input data and output results for generic case 5. 

 

Annual fuel cost: 12 000 × 5535= 66.42 M$ 

In the generic case 5, SEPC is calculated to be 3.80 kWh(e)/m3-H2 from the given information. 

Using above input data, the results with G4-ECONS are: 

Energy consumption in hydrogen plant = SEPC × HPR × capacity factor = 4.48E+09 kWh(e)/a 

Unit electric energy cost from reactor: 35.66 mills/kWh(e) 

Unit thermal energy cost from reactor: 17.12 mills/kWh(th) 

Energy cost (thermal energy cost + electrical energy cost) = 81.73 M$/a + 269.95 M$/a 

 = 351.68 $M/a 

LUHC from G4-ECONS: 4.77 $/kg-H2 (electricity supplied at cost of 37.96 $/MWh) 
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LUHC from G4-ECONS: 4.77 $/kg-H2 based on the assumption that HPP is provided with 
electrical energy equal to the amount of 243 M$/a from outside. If we assume no electrical 
supply from outside, the LUHC’s from G4-ECONS and HEEP will drop to: 2.21 $/kg-H2 and 
2.71 $/kg-H2, respectively.     

TABLE 26. G4-ECONS INPUT DATA FOR GENERIC CASE 5 

Parameter Value 

HTGR  

Reactor capacity (MW(e)) 2×630.7 

Capital cost (M$) 1210.0 

Annual O&M cost (M$/a) 22.02 

Annual fuel cost (M$/a) 66.42 

D&D cost (M$) 121.0 

Initial fuel load (kg) 36 000 

Annual fuel consumption (kg/a) 12 000 

Rate of finished fuel ($/kg) 5535 

Sulfur–Iodine  

Hydrogen production rate (kg/s) 4 

Capital cost (M$) 666.0 

Annual O&M cost (M$/a) 44.49 

D&D cost (M$) 66.6 

SEPC (specific electric power consumption) for HPP 
(kWh(e)/m3-H2) 

3.80 

STPC (specific thermal power consumption) for HPP 
(kWh(e)/m3-H2) 

- 

 

4.4.6. Summary and conclusions 

HEEP is very simple and easy program to deal with, but it does not reveal calculation 
procedures. It only provides LUHC as a result, and there is no way to take a look into the 
calculation procedures. It does not allow any modification to the program, either. It is suggested 
the calculation procedures be displayed and allow modification to the program to guarantee 
more flexibility and transparency. 
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It is understood that the nature and accuracy of input data is very important in evaluating 
economy using HEEP. For example, it is assumed that electricity of 428 MW(e) is supplied to 
HPP from outside at cost of 72 $/MWh in generic case 5 (HTGR + S–I). Due to this electrical 
energy cost the LUHC in generic case 5 rises up to 4.77 $/kg H2, which is much higher than 
2.50 $/kg-H2 of generic case 4 (HTGR + HTSE). Based on the assumption we used, it is possible 
to mislead you to conclude that HTSE is much more economical than S–I in hydrogen 
production. 

Benchmark results of HEEP with G4-ECONS for five generic cases are summarized in Table 27 
and Fig. 18. 

TABLE 27. BENCHMARK RESULTS OF HEEP WITH G4-ECONS FOR FIVE GENERIC CASES 

 
Generic 
case 1 

Generic 
case 2 

Generic 
case 3 

Generic 
case 4 

Generic 
case 5 

G4-ECONS 

LUEC 
($/MWh) 

90.40 66.87 57.81 35.66 37.96 

LUHC 
($/kg-H2) 

5.41 4.17 3.39 2.58 4.77 

HEEP 

NPP  
($/kg-H2) 

5.17 3.81 3.25 1.26 1.78 

HPP 
($/kg-H2) 

0.44 0.44 0.495 1.12 3.30 

LUHC 
($/kg-H2) 

5.61 4.25 3.70 2.34 5.08 

Remarks 
APWR  
+ CE  
H2: 4 kg/s 

APWR  
+ CE  
H2: 8 kg/s 

APWR  
+ CE  
H2: 12 kg/s 

HTGR  
+ HTSE  
H2: 4 kg/s 

HTGR  
+ S–I  
H2: 4 kg/s 

 

 

FIG. 18. Benchmark results of HEEP with G4-ECONS for five generic cases. 
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As shown in Table 27, the LUHC calculated from G4-ECONS is 1.9% to 8.4% lower than those 
from HEEP for all generic cases except for generic case 4 where LUHC from G4-ECONS is 
5% higher than that from HEEP. 

HTSE uses both energy and heat to produce hydrogen. With G4-ECONS calculation, the 
thermal energy used in HTSE is 7.08E+08 kWh(th) which is equal to 3.40E+08 kWh(e). 
However, this thermal energy cost is not counted in HEEP as input for “Energy Usage Cost” 
and as a result we have lower LUHC in HEEP than in G4-ECONS for generic case 4. 

For cases 1–3, where nuclear hydrogen production is done by conventional electrolysis, the 
results by HEEP and G4-ECONS are presented in Fig. 19 and Fig. 20, respectively. The result 
shows that LUHC calculated by HEEP and G4-ECONS are pretty close to each other for cases 
1–3. 

 

FIG. 19. Contribution of various cost factors to hydrogen cost in cases 1~3 with HEEP calculation. 

 

FIG. 20. Contribution of various cost factors to hydrogen cost in cases 1–3 with G4-ECONS calculation. 
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The figures show the hydrogen production cost change in accordance with the hydrogen 
production rate. The hydrogen production cost decreases as the hydrogen production rate 
increases, which can be predicted as a scale effect. The contribution of HPP to hydrogen cost 
is much smaller than that of NPP for cases 1–3. 

The degree of contribution of each cost factor to hydrogen cost is almost same regardless of 
hydrogen production rate. Fig. 19 shows that contribution of cost factors to the nuclear 
hydrogen cost. The capital cost is the biggest contributor, followed by O&M cost, Fuel cost and 
D&D cost with HEEP calculation result. Fig. 20 shows that the energy cost is the biggest 
contributor, followed by O&M cost, capital cost for HPP with G4-ECONS calculation result. 

Unlike HEEP, G4-ECONS can calculate LUEC and LUHC. LUEC is calculated from the input 
data of NPP. LUEC is then incorporated into HPP to calculate “energy cost for HPP” in G4-
ECONS by multiplying energy amount needed in HPP with LUEC calculated from NPP. This 
is the reason that energy cost is the biggest contributor in G4-ECONS calculation. In a sense, 
the energy cost seems to be almost equal to the contribution of NPP with HEEP calculation. 

For cases 4–5 where nuclear hydrogen production is done by HTSE and S–I, respectively, the 
results by HEEP and G4-ECONS are presented in Fig. 21 and Fig. 22, respectively. The result 
shows that LUHC calculated by HEEP and G4-ECONS are pretty close to each other for cases 
4–5. 

For cases 1, 4 and 5 where nuclear hydrogen production is done by CE, HTSE and S–I, 
respectively, the results for LUHC by HEEP and G4-ECONS are presented in Fig. 23 and Fig. 
24. 

It can be concluded from the LUHC calculations in these figures that the HTSE is relatively 
more efficient than S–I and CE. 

 

 

FIG. 21. Contribution of various cost factors to hydrogen cost in cases 4–5 with HEEP calculation. 
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 FIG. 22. Contribution of various cost factors to hydrogen cost in cases 4–5 with G4-ECONS 
calculation. 

 

 

FIG. 23. Contribution of various cost factors to hydrogen cost in cases 1, 4 and 5 with HEEP 
calculation. 

 

Benchmark of HEEP with G4-ECONS shows the results from two programs are within 
tolerable error bound. The LUHC calculated from G4-ECONS is 1.9% to 8.4% lower than those 
from HEEP for all generic cases except for generic case 4. The LUHC from G4-ECONS is 5% 
higher than that of HEEP in case 4. Therefore, it can be concluded that benchmarking of HEEP 
with G4-ECONS results in confirming the reliability of HEEP. 
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4.5. Benchmark of HEEP with G4-ECONS for country case studies 

4.5.1. Japan case (GTHTR300C + S–I) 

Japan Case (GTHTR300C + S–I) is a small scale nuclear cogeneration system of electricity and 
hydrogen production by S–I (sulfur–iodine). The reactor capacity of GTHTR300C is 
600 MW(th) and hydrogen production rate is 1.83E+7 kg/a. 

The input data and output result for Japan case with HEEP are as in Fig. 25. 

 

Electricity required for hydrogen plant will be supplied from the reactor. Therefore, energy 
usage cost is `zero` in HEEP. 

LUHC from HEEP: 3.07 $/kg-H2 

On the other hand, G4-ECONS input data for Japan case (GTHTR300C+IS) are shown in Table 
29. 

On the other hand, G4-ECONS input data for generic case 5 are shown in Table 28. 

Initial fuel cost: 7090 × 12,962 = 91.9 M$ 

Annual fuel cost: 1773 × 12,962 = 23.0 M$/a 

Since this case is cogeneration of electricity and hydrogen, power credit method will be applied 
to calculate LUHC. 

 

 

 FIG. 24. Contribution of various cost factors to hydrogen cost in cases 1, 4 and 5 with G4-ECONS 
calculation. 
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FIG. 25. HEEP input data and output results for Japan case (GTHTR300C + S–I). 

 

With power credit method, the cost of the hydrogen is calculated as: 

CHydrogen = (C2 – E2 × CkWh) / H 

For the calculation, the amount of net energy generated by the reference single-purpose plant 
(E) and total expenses incurred (C) are calculated first, from which the cost per saleable kWh 
(CkWh) is derived (CkWh = C/E). 

Then the amounts of both the hydrogen (H) and the (lesser) net saleable power (E2) produced 
by the dual-purpose plant, as well as its total expenses (C2) are calculated. 

The hydrogen is then charged by these expenses and afterwards credited by the net salable 
power costs (C2 – E2 × CkWh). 

Since C2 = 117.9 M$/a, E2 = 3.39E+09 kWh/a, and CkWh = 47.14 $/MWh(e), the cost of the 
hydrogen is then calculated to be 2.72 $/kg-H2. 
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TABLE 28. G4-ECONS INPUT DATA FOR JAPAN CASE (GTHTR300C+IS) 

Parameter Value 

HTGR  

Thermal rating (MW(th)) 600 

Heat for H2 plant (MW(th)) 170 

Electricity rating (MW(e)) 202 

Capital cost (M$) 547 

Annual fuel cost (M$/a) 22.98 

Annual O&M cost (M$/a) 15.32 

D&D cost (M$) 2.84 

Initial fuel load (kg) 7090 

Annual fuel consumption (kg/a) 1773 

Rate of finished fuel ($/kg) 12 962 

Sulfur–iodine  

H2 generation per unit (kg/a) 1.83E+7 

Capital cost (M$) 186 

Energy cost (M$/a) 8.93 

O&M cost (M$/a) 19.72 

D&D cost (M$) 0 

SEPC (specific electric power consumption) for HPP 
(kWh(e)/m3-H2) 

 

STPC (specific thermal power consumption) for HPP 
(kWh(e)/m3-H2) 

 

Heat consumption (MW(th)/unit) 170 

Electricity required (MW(e)/unit) 23 

 

4.5.2. China case (HTR-PM + S–I) 

China case (HTR-PM + S–I) is a small scale nuclear hydrogen production plant by S–I (sulfur–
iodine) combined with HTR, of which reactor capacity is 600 MW(th) and hydrogen production 
rate is 1.83E+7 kg/a, respectively. 
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FIG. 26. HEEP input data and output results for China case (HTR-PM + S–I). 

 

The input data and output result for China case with HEEP are as in Fig. 26. 

It is assumed that 20 MW(e) electricity is supplied from outside at cost of 60 $/MWh(e). 

Therefore, energy usage cost in HEEP is 1.05E+7 $/a. 

LUHC from HEEP: 3.78 $/kg-H2 

On the other hand, G4-ECONS input data for China case (HTR-PM + S–I) are shown in 
Table 29. 

Annual fuel cost: 3000 × 4800 = 14.4 M$ 

Fuel cost for initial core: 11 800 × 4800 = 56.64 M$ 

LUEC: 66.62 $/MWh(e) 

Heat for H2 plant: 3.63E+09 kWh(th)/a 

Energy cost: 110.41 M$/a 

LUHC: 3.70 $/kg-H2 
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TABLE 29. G4-ECONS INPUT DATA FOR CHINA CASE (HTR-PM + S–I) 

Parameter Value 

HTGR  

Thermal rating (MW(th)) 500 

Heat for H2 plant (MW(th)) 460 

Electricity rating (MW(e)) 0 

Capital cost (M$) 1000 

Annual fuel cost (M$/a) 14.4 

Annual O&M cost (M$/a) 38.1 

D&D cost (M$) 80.0 

Sulfur–iodine  

H2 generation per unit (kg/a) 4.3E+7 

STPC (specific thermal power consumption)  
(kWh(th)/m3-H2) 

8.39 

SEPC (specific electric power consumption) for HPP 
(kWh(e)/m3-H2) 

- 

Capital cost (M$) 200 

O&M cost (M$/a) 10.9 

D&D cost (M$) 20.0 

 

4.5.3. Germany case (HTR-Modul + SMR) 

The input data and output result for Germany case with HEEP are as in Fig. 27. 

Out of 170 MW(th) thermal energy from each reactor, 65.3 MW(th) thermal energy is used for 
hydrogen plant, and electricity rating is equal to 21.3 MW(e). 

Electricity required for hydrogen plant is 33 MW(e), so 11.7 MW(e) should be supplied from 
outside at electricity unit cost of 123 $/MWh and energy usage cost is equal to 25.2 M$. If we 
change energy usage cost to 25.2 M$, then LUHC from HEEP will be increased to 2.94 $/kg-H2. 

On the other hand, G4-ECONS input data for Germany case (HTR-Modul + SMR) are shown 
in Table 30. 
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FIG. 27. HEEP input data and output results for Germany case (HTR-Modul + SMR). 

 

Initial fuel load: 2396 × 2 = 4792 kg 

Annual fuel feed: 767 × 2 = 1534 kg, fuel cost = 22 937 $/kg 

Initial fuel cost = 4792 × 22 937 = 109.9 M$ 

Annual fuel cost = 1,534 × 22 937 = 35.18 M$/a 

Electrical efficiency: 20% 

Extra electrical cost from outside = 25.2 M$ 

LUEC from G4-ECONS: 308.94 $/MWh(e)  

LUHC from G4-ECONS: 2.72 $/kg-H2 
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TABLE 30. G4-ECONS INPUT DATA FOR GERMANY CASE (HTR-MODUL + SMR) 

Parameter Value 

HTGR  

Thermal rating (MW(th)) 340 

Heat for H2 plant (MW(th)) 130.6 

Electricity rating (MW(e)) 42.6 

Capital cost (M$) 1198 

Annual fuel cost (M$/a) 35.2 

Annual O&M cost (M$/a) 47.9 

D&D cost (M$) 29.9 

Steam–methane reforming  

H2 generation (kg/a) 1.2E+8 

STPC (specific thermal power consumption) (kWh(th)/m3-H2) 0.87 

SEPC (specific electric power consumption) for HPP 
(kW(e)h/m3-H2) 

0.28 

Capital cost (M$) 400 

O&M cost (M$/a) 16 

D&D cost (M$) 40 

 

Benchmark results of HEEP with G4-ECONS for several country cases are summarized in 
Table 31 and Fig. 28. 

TABLE 31. BENCHMARK RESULTS OF HEEP WITH G4-ECONS FOR SEVERAL COUNTRY 
CASES 

 Japan China Germany 

G4-ECONS 
LUEC ($/MWh) 90.40 66.62 308.94 

LUHC ($/kg-H2) 2.72 3.70 2.72 

HEEP 

NPP ($/kg-H2) 1.11 2.87 2.18 

HPP ($/kg-H2) 1.96 0.91 0.65 

LUHC ($/kg-H2) 3.07 3.78 2.83 

Remarks 
GTHTR300C 
+ S–I 

HTR-PM 
+ S–I 

HTR-Modul 
+ SMR 
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FIG. 28. Benchmark results of HEEP with G4-ECONS for several country cases. 

 

As shown in Table 31 and Fig. 28, the LUHC calculated from G4-ECONS is 11.4%, 2.1%, 
3.9% lower than those from HEEP for Japan, China and Germany, respectively. 

5. RESULTS AND DISCUSSION 

HEEP and G4-ECONS can be used to evaluate economics of nuclear hydrogen production 
systems. HEEP provides LUHC, and LUEC and LUHC to make them useful to assess economic 
feasibility of nuclear hydrogen production systems. 

HEEP is a more user friendly software in that it is easier, simpler to handle and it doesn’t need 
quite a few input data. However, HEEP is like a black box in that it does not allow modification. 

There are no `warning signs` within HEEP to identify situations where inconsistent input data 
have been entered or where physically impossible results have been made. It is suggested that 
the important intermittent calculation steps be displayed so that users can check their 
consistency in input data and/or can confirm their adequacy in calculation results. 

It would be better if it has some kind of measures to guarantee more flexibility and transparency. 

Bechmark results of HEEP with G4-ECONS for five generic cases and several country cases 
are shown in Table 32 and Table 33, respectively. Table 32 shows LUHC calculated from G4-
ECONS is 1.9% –8.4% lower than those from HEEP for all generic cases except for generic 
case 4 where LUHC from G4-ECONS is 5% higher than that from HEEP. 

Table 33 shows that LUHC calculated from G4-ECONS is 11.4%, 2.1%, 3.9% lower than those 
from HEEP for Japan, China and Germany, respectively. 
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TABLE 32. BENCHMARK RESULTS OF HEEP WITH G4-ECONS FOR FIVE GENERIC CASES 

 Case 1 Case 2 Case 3 Case 4 Case 5 

LUHC with HEEP 
($/kg-H2) 

5.61 4.25 3.70 2.34 5.08 

LUHC with G4-
ECONS 

($/kg-H2) 

5.41 4.17 3.39 2.58 4.77 

Remarks 
APWR  
+ CE  
H2: 4 kg/s 

APWR  
+ CE  
H2: 8 kg/s 

APWR  
+ CE  
H2: 12 kg/s 

HTGR  
+ HTSE  
H2: 4 kg/s 

HTGR  
+ S–I  
H2: 4 kg/s 

 

TABLE 33. BENCHMARK RESULTS OF HEEP WITH G4-ECONS FOR SEVERAL COUNTRY 
CASES 

 Japan China Germany 

LUHC with HEEP 
($/MWh) 

3.07 3.78 2.83 

LUHC with G4-ECONS 
($/kg-H2) 

2.72 3.70 2.72 

Remarks 
GTHTR300C 
+ S–I 

HTR-PM 
+ S–I 

HTR-Modul 
+ SMR 

 

Benchmark of HEEP with G4-ECONS shows the results from two programs are within 
tolerable error bound. Therefore, it can be concluded that benchmarking of HEEP with 
G4-ECONS results in confirming the reliability of HEEP. 
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SUMMARY 

The technology of nuclear hydrogen generation with thermo-chemical processes, sulfur–iodine 
cycle (S–I) is investigated using the state of the art developments in the technology. Economic 
analysis of these hydrogen generation methods is carried out using HEEP software. Specific 
research work is focused on (i) optimization and enhancing efficiency of S–I cycle, (ii) 
simulation of Bunsen reaction, and (iii) simulation of coupled hydrogen plant and high 
temperature nuclear plants for transient analysis and safety assessment. The results of these 
studies are used in assessing the technological advantage and economic assessment in nuclear 
hydrogen production. 

DESCRIPTION OF RESEARCH OBJECTIVES AND OUTCOMES 

The research objectives are: (A) to develop research program for techno-economic analysis of 
Bunsen reaction, (B) to develop simulation models and perform economic analysis of the (i) S–
I cycle — Bunsen reaction, sulfuric acid and HI decomposition using ASPENPlus (ii) coupled 
hydrogen plant and high temperature nuclear plants for transient analysis and safety assessment. 

The outcomes of these studies are techno-economic analysis include: (i) process parameters for 
S–I cycle in particular Bunsen reaction; (ii) simulation results on S–I cycle for efficient flow 
sheet and process efficiency; (iii) process parameters for S–I cycle coupled to high temperature 
nuclear plant; (v) safety and transient analysis results of coupled hydrogen and high temperature 
nuclear plant; and (v) the cost estimate of the hydrogen generated from S–I cycle with these 
advances in S–I cycle technology. 

SUMMARY OF WORK 

During the first year two major tasks were carried out: (i) on simulation of Bunsen process 
which is key reaction in hydrogen production with sulfur–iodine cycle (S–I cycle) and (ii) on 
the analysis of the bench mark exercise of five cases of hydrogen generation systems using (a) 
pressurized water reactor (PWR) and electrolysis of water (three cases with different powered 
PWR and hydrogen generation rates), (b) high temperature gas cooled reactor (HTGR) and high 
temperature steam electrolysis (HTSE), and (c) HTGR (a pebble bed modular reactor) and 
sulfur–iodine cycle. 

During the second year period two major tasks were carried out: (i) development of model and 
dynamic simulation of coupled high temperature pebble bed modular reactor and sulfur–iodine 
thermochemical process based hydrogen plant, and (ii) analysis of the bench mark exercise of 
IAEA five generic cases and new four country specific cases that involved advanced nuclear 
reactors that provide heat and or electricity a: pressurized water reactor, and hydrogen 
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generation plants: conventional electrolysis, high temperature steam electrolysis, and sulfur–
iodine cycle and steam–methane reformation. 

During third year two major tasks were carried out: (i) safety analysis of the coupled coupled 
high temperature pebble bed modular reactor and sulfur–iodine thermochemical process based 
hydrogen plant was carried out for different accident scenario, (ii) economic analysis of the 
hydrogen generation cost from coupled high temperature pebble bed modular reactor and 
sulfur–iodine thermochemical process based hydrogen plant system. 

 

1. ANALYSIS OF SULFUR–IODINE THERMOCHEMICAL CYCLE:  
BUNSEN REACTION ANALYSIS USING ASPENPLUS 

The analysis of Bunsen reaction of the section I based on the flowsheet developed by General 
Atomics (GA) was performed. The thermodynamic of GA’s section III model validated in our 
first publication was used in the section I and the whole flowsheet of section I was simulated 
and the results compared to the GA’s backup file. The results show a good reproducibility of 
GA analysis; indicating that the thermodynamic of section III and section I are the same. 
Parametric studies on the flowsheet, such as the pressure and the temperature are performed. 

1.1. Introduction 

The world energy demand has increased rapidly during the last decades because of emerging 
industrial countries. Therefore, fossil fuels are more expensive and the resources are becoming 
rarer. Fossil fuels emit greenhouse gases which contribute in a large part to global warming. 
That is why many researches are being carried out on new `clean` energy sources. 
Thermochemical methods for large scale hydrogen production have attracted interest because 
of their capability to be coupled to a very high temperature nuclear or solar reactor [1, 2]. 

Sulfur–iodine (S–I) cycle is one of the leading candidates of the thermochemical cycles for 
hydrogen production [3, 4] and was first described by General Atomics [5]. This cycle has also 
been considered by CEA, France and JAEA,  Japan. It consists of three sections: Bunsen 
section, hydrogen iodide (HI) decomposition section and, sulfuric acid decomposition section. 
The main reactions are described as following: 

Section I (Bunsen reaction): 

I2 + SO2 + 2H2O ↔ 2HI + H2SO4  ΔH(T=100 ºC) = –126 kJ/mole   

Section II (sulfuric acid decomposition section): 

H2SO4 ↔ H2O + SO2 + ½ O2   ΔH(T=850 ºC) = 371 kJ/mole  

Section III (HI decomposition section): 

2HI ↔ H2 + I2     ΔH(T=450 ºC) = 12 kJ/mole   

Net reaction: 

H2O ↔ H2 + ½ O2    ΔH = 257 kJ/mole     
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The Bunsen reaction operates at around 100 ºC and is exothermic while both acid 
decomposition reactions are endothermic. The solution from the Bunsen reaction is separated 
in a three phase separator in a presence of an excess of iodine into H2SO4 solution, the light 
phase and HI solution. Then, the sulfuric acid decomposition is performed in series of heat 
exchangers at around 850 ºC and the hydrogen iodide decomposition is performed at around 
300 ºC. All by products are recycled and no greenhouse gases are emitted to the environment. 
The S–I cycle inputs are heat, produced from nuclear power or solar reactor and, water, while 
the outputs are hydrogen and oxygen. However, many technical improvements are still needed 
for the S–I cycle until it is practical for industrial hydrogen production. One such need is the 
development of reliable thermodynamic models essential for the flowsheet development and 
optimization. 

Reactive distillation seems to be one of the best methods for HI decomposition and was first 
proposed by Roth and Knoche [6]. In their design, the HI contained in the HIX solution (HI-I2-
H2O) from the Bunsen section, is directly decomposed in the vapor phase. For the HI 
decomposition section, Neumann [7] proposed an NRTL (Non-Random, Two Liquids) model 
in 1987 that describes thermodynamic interaction between constituent molecules. He modified 
this model by regressing the total pressure and liquid–liquid phase separation measurement data 
of HI-H2O binary solution and HI-H2O-I2 ternary mixture. 

At General Atomics, a commercial process simulator, ASPENPlus, was used to develop a 
thermodynamic model based on an electrolytic NRTL (ELECNRTL) model built in 
ASPENPlus [8]. Using the available experimental data, GA was not able to obtain the binary 
and ternary parameters for various mixtures of HI, H2 and I2. One of the reasons attributed for 
this was, that the only data available in the literature, provided the total vapor pressure above 
HI-H2O-I2 solution but not the partial vapor pressures of the components. There is a lack of data 
for the `hydrogen iodide lean` liquid–liquid equilibrium region. Thus GA was not able to use 
the existing experimental data to develop model for HI decomposition with their flow sheet. 
Instead, a model based on the Roth and Knoche results [6] for the reactive distillation column, 
was finally developed by Aspen Technology, Inc. with General Atomics. The binary, ternary 
and pair-wise parameters were presented in a report by Brown et al. [8]. The solution obtained 
cannot be optimized because of the lack of the thermodynamic data cited previously. The GA 
report did not give details on the operating parameters such as composition in the reactive 
distillation columns, pressure, and temperature and boilup rates in our former publication [9]. 
The GA thermodynamic was implemented in ASPENPlus, and the GA Section III results 
showed a good reproducibility with the GA analysis data. In this paper, the same 
thermodynamic was applied to Section I of GA flowsheet. 

The influence of the pressure and the temperature of the Bunsen reaction on the conversion 
conditions were also studied. 

1.2. Bunsen reaction section 

The present simulations followed the methodology applied to the GA’s flowsheet [8]. A step-
by-step simulation is conducted. To minimize the convergence problem in a complex system 
of the S–I thermochemical process and to investigate the component-wise characteristics, the 
simulation is performed, initially, for the single component such as the chemical reactor. If 
adjacent components are converged, then they are combined and simulated. Finally, the 
simulation for the whole section is conducted. 
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RCSTR and three phase separator simulation: 

A combined system with a Bunsen reactor (R-101) and the three phase separator (S-101) as 
shown in Fig. 1 is simulated, first, using ASPENPlus. The same inlet and operating conditions 
are specified in the inlet stream (115), the Bunsen reactor and the three phase separator. The 
Bunsen reactor is simulated with RCSTR (Rigorous Continuous Stirred Tank Reactor). The 
RCSTR rigorously models a Continuous Stirred Tank Reactor (CSTR), which is one of the 
steady-state ideal flow reactors. In this reactor, the contents are well stirred and uniform 
throughout. Thus, the exit stream from this reactor has the same composition as the fluid within 
the reactor. It can be used when reaction kinetics are known. RCSTR can model equilibrium 
reactions simultaneously with rate-based reactions. 

In the three phase separator, there is one gas-phase outlet stream (117A) and two liquid-phase 
outlet streams (118A and 119A). Through the bottom outlet (119A), a concentrated mixture of 
HI, I2, SO2 flows and it is forwarded to Section III, HI decomposition reaction. Through the 
side outlet (118A), a concentrated H2SO4 acid flows and it is forwarded to Section II, H2SO4 
decomposition reaction. Through the top outlet (117A), mainly O2 gas is separated. 

1.3. Results and discussion 

The continuous reactors with the three phase separator (Fig. 1) were first simulated and the 
results are presented in Table 1. The results are compared with the General Atomics results. 

The analysis of the data shows that the GA results are reproduced, indicating that both 
thermodynamics of Section I and Section III of the GA’s flowsheet are the same. 

 

TABLE 1. RESULTS OF BUNSEN REACTOR AND THREE PHASES’ SEPARATOR 

Stream H2O I2 HI SO2 H2SO4 O2 Total Phase P 
(bar) 

T 
(K) 

115 72.7279 48.7791 10.9846 2.266 0.2173 0.5 135.47 V+L 7 393 

116 71.2535 48.0419 12.4590 1.5288 0.9545 0.5 134.74 L 7 393 

GA_ 116 71.2535 48.0419 12.4590 1.5288 0.9545 0.5 134.74 L 7 393 

117A 0.0338 0.0075 0 0.1424 0 0.5 0.68 V 7 393 

GA_ 117A 0.0338 0.0075 0 0.1424 0 0.5 0.68 V 7 393 

118A 5.152 0 0 0.0154 0.9544 0 6.12 L 7 393 

GA_ 118A 5.152 0 0 0.0154 0.9544 0 6.12 L 7 393 

119A 66.0677 48.0344 12.4590 1.3710 0.0001 0 127.93 L 7 393 

GA_ 119A 66.0677 48.0344 12.4590 1.3710 0.0001 0 127.93 L 7 393 
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1.3.1. Stream 118 and 119 process simulation 

Once the Bunsen reactor and the three phase separator were converged and the results validated, 
a step-by-step simulation method were adopted in order to get the whole flow sheet converged. 
One part of the flow sheet where the streams 118A and 119A are processed was first simulated 
and the flowsheet is presented in Fig. 2 and the results are compared with the GA results in 
Table 2. The GA results are in red color in the table. 

 

FIG. 1. Bunsen reactor and three phase separator. 

The analysis of the results (Table 2) indicated that the GA data reproducibility was obtained. 

 

 

FIG. 2. Parts of the flow sheet where the streams 118A and 119A are processed. 
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TABLE 2. SIMULATION RESULTS OF THE BUNSEN REACTOR 

N Stream
  H2SO4 
(kmol/h)

  HI 
(kmol/h)

  I2 
(kmol/h)

  H2O 
(kmol/h)

  SO2 
(kmol/h)

  O2 
(kmol/h)

Total 

(kmol/h) Phase
Pres.(
bar)

Temp. 
K

1 131 1.015 0 0.019 4.138 0.048 0.016 5.235 L 1.85 384.5
1 GA_131 1.0234 0 0.0184 4.1377 0.0475 0.0155 5.2425 L 1.85 384.5
2 132A 0 0.122 0.811 0.91 0.024 0 1.867 L 1.85 384.5
2 GA_132A 0 0.1389 0.796 0.9252 0.0155 0 1.8756 L 1.85 384.5
3 133 0 0 0.113 0 1.371 0.182 1.667 V 1.85 390.6
3 GA_133 0 0 0.0271 0.3731 1.371 0.1825 1.9537 V 1.85 393
4 135 0 0 0.104 0 1.254 0.167 1.525 V 1.85 390.6
4 GA_135 0 0 0.0248 0.3414 1.2545 0.167 1.7877 V 1.85 393
5 136 0 0 0.006 0 1.254 0.167 1.428 V 1.85 368.2
5 GA_136 0 0 0.0003 0.036 0.0001 0.167 0.2034 V 1.85 369.6
6 137A 0.215 9.982 5.616 67.262 0 0 83.075 L 1.85 369.2
6 GA_137A 0.2173 9.9875 5.5408 67.5643 1.2544 0 84.5643 L 1.85 369.6
7 138 0 12.459 47.921 66.07 0 0 126.451 L 1.85 390.5
7 GA_138 0 12.459 48.0073 65.6973 0 0 126.1636 L 1.85 393
8 139 0.003 0 0.011 0.012 0.048 0.016 0.09 L+V 1.85 384.5
8 GA_139 0 0 0.0184 0.0434 0.0436 0.0155 0.1209 V 1.85 384.5
9 140 1.012 0 0.008 4.125 0 0 5.145 V 1.85 384.5
9 GA_140 1.0234 0 0 4.0943 0.0039 0 5.1216 L 1.85 384.5  

 

1.3.2. Flowsheet simulation for Bunsen section 

The same methodology was followed for the simulation of the whole flowsheet (Fig. 3). The 
simulation of the oxygen scrubber (C 101) was preceded by a series of reactors such as the 
Bunsen reactor in order to achieve the SO2 conversion in sulfuric acid. The residual SO2 is 
transformed in the scrubber. The number of the reactors used in the present analysis is 4. This 
number depends on the reactors volume. The results for the whole flow sheet are presented in 
Table 3, respective GA results in Table 4. 

1.3.3. Bunsen reaction operating parameters influences 

The Bunsen reaction operating parameters such as the pressure and the temperature were 
studied in order to analyze SO2 conversion. 

Figure 4 shows that by increasing the temperature in the Bunsen reactor (R101), SO2 conversion 
can be improved. In the opposite, the pressure has no effect on the Bunsen reaction according 
to Fig. 5. 

1.4. Conclusion 

The Bunsen reaction or Section I of the sulfur–iodine (S–I) thermochemical cycle was fully 
flow sheeted and simulated with ASPENPlus based on the General Atomics work. The Section 
III thermodynamics was used for this section and the results are similar to those of General 
Atomics ones. This indicates that Section I and Section III have the same thermodynamics. The 
parameters, such as the pressure and the temperature were also studied. The results indicated 
that by increasing the temperature in the Bunsen reactor, the conversion can be slightly 
improved and the pressure has no effect on the reaction. 
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TABLE 3. PRESENT ANALYSIS RESULTS FOR SECTION I 

Stream
  H2SO4 
(kmol/h)

  HI 
(kmol/h)

  I2 
(kmol/h)

  H2O 
(kmol/h)

  SO2 
(kmol/h)

  O2 
(kmol/h)

Total 
Flow 
(kmol/h) Phase

Press. 
(bar)

Temp. 
(K)

101A 0.022 0 0 3.458 0.008 0 3.488 L 4.2 393.1
101B 0.022 0 0 3.458 0.008 0 3.488 L 4.2 359.6
102A 0 0 0 0.319 0 0 0.319 L 1.01 311.2
102B 0 0 0 0.319 0 0 0.319 L 4.4 311.3
103 0 0 0 1.285 0 0 1.286 L 1.01 311.2
104 0 9.6 5.684 62.494 0 0 77.778 L 4.2 368.5
105 0 0 0 1.603 0 0 1.605 L 1.01 311.1
106 0 0.288 0.17 1.874 0 0 2.333 L 1.85 311.1
107 0 0.081 0.048 0.525 0 0 0.653 L 1.01 368.5

107A 0 0.081 0.048 0.525 0 0 0.653 L 4.2 368.5
108 0 9.231 5.466 60.095 0 0 74.792 L 4.2 368.5
110 0 0.001 0.881 0.017 0 0 0.899 L 1.85 393
111 0 0.858 42.442 4.206 0 0 47.506 L 1.85 393
112 0.215 9.982 5.518 67.262 0 0 82.978 L 1.85 368.2
113 0 0 0 0.033 0.996 0.5 1.529 V 7 393
115 0.217 10.985 48.779 72.728 2.266 0.5 135.475 L+V 7 393
116 0.955 12.459 48.042 71.253 1.529 0.5 134.738 L 7 393

117A 0 0 0.007 0.034 0.142 0.5 0.684 V 7 393
117B 0 0 0.007 0.034 0.142 0.5 0.684 V 4.2 354.2
118A 0.954 0 0 5.152 0.015 0 6.122 L 7 393
118B 0.954 0 0 5.152 0.015 0 6.122 L 1.85 393.1
119A 0 12.459 48.034 66.068 1.371 0 127.932 L 7 393
119B 0 12.459 48.034 66.068 1.371 0 127.932 L 1.85 393
120 0.17 0.583 0.029 5.373 0 0 6.156 L 4.2 384.4
121 0 0.002 0 0.015 0.002 0.5 0.519 L+V 4.2 384.4
122 0 0.001 0 0.01 0.001 0.317 0.33 V 1.01 238.8
123 0 0.001 0 0.006 0.001 0.182 0.189 L+V 1.85 289
124 0 0 0 0.003 0.001 0.182 0.186 L+V 1.85 289
125 0 0 0 0.003 0 0 0.003 L 1.85 289
126 0 0.001 0 0.005 0.001 0.317 0.325 L+V 1.01 289
127 0 0 0 0.004 0 0 0.005 L 1.01 289
128 0 0 0 0.072 0 0 0.072 L 1.01 289
129 0 0 0      trace 0 0.183 0.183 V 1.01 305.3

130A 0.044 0.168 0.023 1.874 0 0 2.109 L 1.01 346.4
130B 0.045 0.168 0.023 1.795 0 0 2.03 L 1.85 393
131 1.015 0 0.019 4.138 0.048 0.016 5.235 L 1.85 384.5

132A 0 0.122 0.811 0.91 0.024 0 1.867 L 1.85 384.5
132B 0 0.122 0.811 0.91 0.024 0 1.867 L 7 385.3
133 0 0 0.113 0 1.371 0.182 1.667 V 1.85 390.6
134 0 0 0.01 0 0.117 0.016 0.142 V 1.85 390.6
135 0 0 0.104 0 1.254 0.167 1.525 V 1.85 390.6
136 0 0 0.006 0 1.254 0.167 1.428 V 1.85 368.2

137A 0.215 9.982 5.616 67.262 0 0 83.075 L 1.85 369.2
137B 0.215 9.982 5.616 67.262 0 0 83.075 L 7 369.7
138 0 12.459 47.921 66.07 0 0 126.451 L 1.85 390.5
139 0.003 0 0.011 0.012 0.048 0.016 0.09 L+V 1.85 384.5
140 1.012 0 0.008 4.125 0 0 5.145 L 1.85 384.5  
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TABLE 4. GA RESULTS FOR SECTION I 

Stream
  H2SO4 
(kmol/h)

  HI 
(kmol/h)

  I2 
(kmol/h)

  H2O 
(kmol/h)

  SO2 
(kmol/h)

  O2 
(kmol/
h)

Total 
Flow 
(kmol/h) Phase

Press. 
(bar)

Temp. 
(K)

101A 0.0222 0 0 3.4582 0.0078 0 3.4882 L 4.2 393.15
101B 0.0222 0 0 3.4582 0.0078 0 3.4882 L 4.2 359.6
102A 0.0002 0 0 0.3186 0 0 0.3188 L 1.01 311.15
102B 0.0002 0 0 0.3186 0 0 0.3188 L 4.4 311.15
103 0.001 0 0 1.2847 0 0 1.2857 L 1.01 311.15
104 0 9.5997 5.684 62.494 0 0 77.7777 L 4.2 368.51
105 0.0012 0 0 1.6033 0 0 1.6045 L 1.01 311.15
106 0 0.288 0.1705 1.8742 0 0 2.3327 L 1.85 311.15
107 0 0.0806 0.0477 0.5248 0 0 0.6531 L 1.01 368.51
108 0 9.2311 5.4658 60.095 0 0 74.7919 L 4.2 368.51
110 0 0.0011 0.881 0.017 0 0 0.8991 L 1.85 393
111 0 0.8582 42.4423 4.2056 0 0 47.5061 L 1.85 393
112 0.2173 9.9875 5.5163 67.2589 0 0 82.9800 L 1.85
113 0 0 0 0.0328 0.9961 0.5 1.5289 V 7 393
115 0.2173 10.9846 48.7791 72.7279 2.266 0.5 135.4749 V+L 7
116 0.9545 12.459 48.0419 71.2535 1.5288 0.5 134.7377 V+L 7 393

117A 0 0 0.0075 0.0338 0.1424 0.5 0.6837 V 7 393
117B 0 0 0.0075 0.0338 0.1424 0.5 0.6837 V 4.2 354.2
118A 0.9545 0 0 5.152 0.0154 0 6.1219 L 7 393
118B 0.9545 0 0 5.152 0.0154 0 6.1219 L 1.85 393
119A 0 12.459 48.0344 66.0677 1.371 0 127.9321 L 7 393
119B 0 12.459 48.0344 66.0677 1.371 0 127.9321 L 1.85 393
120 0.1726 0.5884 0.0278 5.3694 0 0 6.1582 L 4.2 384.4
121 0 0 0 0.015 0 0.5 0.5150 V 4.2 384.4
122 0 0 0 0.0095 0 0.3175 0.3270 V+L 1.01
123 0 0 0 0.0055 0 0.1825 0.1880 V+L 1.85 289
124 0 0 0 0.0027 0 0.1825 0.1852 V 1.85 289
125 0 0 0 0.0028 0 0 0.0028 L 1.85 289
126 0 0 0 0.0051 0 0.3175 0.3226 V 1.01
127 0 0 0 0.0044 0 0 0.0044 L 1.01
128 0 0 0 0.0072 0 0 0.0072 L 1.01
129 0 0 0 0.0142 0 0.1825 0.1967 V 1.01 313

130A 0.0447 0.168 0.0227 1.7945 0 0 2.0299 L 1.01 393
130B 0.0447 0.168 0.0227 1.7945 0 0 2.0299 L 1.85 393
131 1.0234 0 0.0184 4.1377 0.0475 0.0155 5.2425 L 1.85 384.5

132A 0 0.1389 0.796 0.9252 0.0155 0 1.8756 L 1.85 384.5
132B 0 0.1389 0.796 0.9252 0.0155 0 1.8756 L 7 384.5
133 0 0 0.0271 0.3731 1.371 0.1825 1.9537 V 1.85 393
134 0 0 0.0023 0.0317 0.1165 0.0155 0.1660 V 1.85 393
135 0 0 0.0248 0.3414 1.2545 0.167 1.7877 V 1.85 393
136 0 0 0.0003 0.036 0.0001 0.167 0.2034 V 1.85 369.6

137A 0.2173 9.9875 5.5408 67.5643 1.2544 0 84.5643 L 1.85 369.6
137B 0.2173 9.9875 5.5408 67.5643 1.2544 0 84.5643 L 7 369.6
138 0 12.459 48.0073 65.6973 0 0 126.1636 L 1.85 393
139 0 0 0.0184 0.0434 0.0436 0.0155 0.1209 V 1.85 384.5
140 1.0234 0 0 4.0943 0.0039 0 5.1216 L 1.85 384.5  
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FIG. 3. Section I complete flowsheet. 
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FIG. 4. Effect of reaction temperature in the Bunsen reactor; SO2 consumption versus temperature. 

 

 

FIG. 5. Effect of reaction pressure in the Bunsen reactor; SO2 consumption versus pressure. 
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2. DEVELOPMENT OF MODELS FOR COUPLED HIGH TEMPERATURE NUCLEAR 
REACTOR WITH A THERMOCHEMICAL HYDROGEN PLANT AND TRANSIENT 
SAFETY ANALYSIS 

A high temperature reactor (HTR) is a candidate to drive high temperature water-splitting using 
process heat. While both high temperature nuclear reactors and hydrogen generation plants have 
high individual degrees of development, safety issues in the coupled plant and the transient 
modeling of some leading candidates need to be addressed for any future application. The 
sulfur–iodine (S–I) and hybrid sulfur (HyS) cycles are considered as candidate hydrogen 
generation schemes. Several thermodynamically derived chemical reaction chamber models are 
coupled to a well-known reference design of a high temperature nuclear reactor. These chemical 
reaction chamber models have several dimensions of validation, including detailed steady state 
flowsheets, integrated loop test data and bench scale chemical kinetics. The models and 
coupling scheme are presented here, as well as a transient test case initiated within the chemical 
plant. The 50% feed flow failure within the chemical plant results in a slow loss-of-heat sink 
(LOHS) accident in the nuclear reactor. Due to the temperature feedback within the reactor core 
the nuclear reactor partially shuts down over 1500 seconds. Two distinct regions are identified 
within the coupled plant response: (1) immediate LOHS due to the loss of the sulfuric acid 
decomposition section and (2) continuing slow LOHS due to the chemical species cascade 
throughout the plant. Seven unique case studies and various parametric studies based on the 
magnitude of the events will be disused. The only chemical plant initiated events that caused a 
positive power excursion in the nuclear reactor were helium inlet overcoolings due to process 
holding tank failures or reaction chamber ruptures. Even for a severe sustained overcooling, the 
calculated maximum fuel temperature in the HTR was 200 K below the design basis limit. 

2.1. Introduction 

The demand for energy continues to rise due to the continuing increase in world population and 
the growing demand by the developing countries in order to improve their living standards. A 
large portion of the world’s energy demand is met by the fossil fuels because of their availability 
and convenient use. However, it is estimated that the world’s fossil fuel production will soon 
start declining. Also, pollution and greenhouse issues resulting from the use of fossil fuels urge 
us to find clean and sustainable energy sources. Various non-fossil energy sources, such as 
solar, ocean-thermal, wind, waves, thermonuclear, geothermal, etc., are being considered as 
possible sources of energy. Significant researches have been performed on the hydrogen energy 
concept, in which fossil fuels are to be replaced by hydrogen as the main energy carrier. Figure 
6 shows various energy sources and carriers, which are stored and distributed to be utilized by 
end users. 

Due to a high coolant outlet temperature, high temperature reactors (HTR) can be used to drive 
chemical plants that directly utilize process heat at high efficiency. These goals are supported 
by the ten-nation Generation-IV (Gen-IV) initiative, a collaborative effort to develop a road 
map to sustainable nuclear energy in the current century [10]. Several nuclear hydrogen 
initiatives have been launched in an effort to develop technology for the generation of hydrogen 
via the use of an HTGR that drives a hydrogen generation plant [11]. This hydrogen plant uses 
the process heat of the HTGR to drive one of several endothermic processes, such as steam 
reformation, high temperature electrolysis or a thermochemical cycle. 
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FIG. 6. Energy source, carrier and end user. 

The main sources of hydrogen have been natural gas and petroleum. Hydrogen is separated by 
the removal of carbon monoxide or carbon dioxide from steam reformation processes. These 
sources of hydrogen retain a reliance on fossil fuels and emit large amounts of greenhouse 
gases. The other major source of hydrogen is water, and can be produced by decomposing water 
via electrolysis, direct thermal decomposition, chemical reaction and thermochemical cycles. 
Among those methods, the thermochemical water decomposition by closed cycle processes has 
received increasing attention. Thermochemical water decomposition cycle concept was 
proposed in [12]. In a thermochemical process, thermal energy is transformed into chemical 
energy (hydrogen), without first converting heat to mechanical energy and then to electrical 
energy as is the case with electrolysis. Many types of thermochemical processes for hydrogen 
production have been proposed [2, 8]. The sulfur–iodine (S–I) or cycle is currently the leading 
candidate of many types of thermochemical processes for hydrogen production, which has been 
studied extensively by the GA [8, 13] and the JAEA [14, 15]. The S–I cycle consists of three 
chemical processes expressed as sections: 

Section 1 Bunsen reaction:   I2 + SO2 + 2H2O ↔ 2HI + H2SO4 

  Section 2 Sulfuric acid decomposition:    H2SO4 ↔ H2O + SO2 + ½ O2 

  Section 3 Hydrogen Iodide decomposition:  2HI ↔ H2 + I2 

The Bunsen reaction in Section 1 occurs exothermically at temperatures of about 100 °C. The 
decomposition of the acids reactions in Sections 2 and 3 are endothermic processes, with H2SO4 
decomposition reaction operated at about 800–1000 °C and the decomposition of hydriodic acid 
at around 400–500 °C. This cycle has the highest efficiency (45–52%) of any process that has 
been fully flow sheeted. However, the integrated S–I cycle is not yet fully demonstrated and 
the process economics are not yet verified. Temperature on the order of 800–1000 °C is required 
for the S–I cycle. The Westinghouse hybrid sulfur or HyS cycle is another leading contenders 
for use in large scale thermochemical production of hydrogen. Unlike the sulfur–iodine cycle, 
the HyS cycle relies upon electrolysis to generate hydrogen. The HyS cycle has two reactions: 

  Sulfuric acid decomposition 800–1000 °C:  H2SO4 ↔ H2O + SO2 + ½ O2 

   SO2 electrolysis:   SO2 + 2H2O ↔ H2SO4 + H2 
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The ideal heat source that does not result in greenhouse gas generation for a thermochemical 
cycle is either a high temperature nuclear reactor or a solar thermal array. In particular, pebble 
bed modular reactors are intended to have a high degree of passive, or inherent, safety. This 
inherent safety is due to the high design basis limit of the maximum fuel temperature. Thus 
nuclear energy is a promising candidate as a primary energy source for large scale hydrogen 
production without carbon dioxide emission. The high-temperature gas-cooled reactors such as 
the pebble bed modular reactor, capable of providing heat energy up to 1000 °C and that have 
a high level of inherent safety are suitable for the large scale hydrogen production using 
thermochemical water splitting processes. 

The key to the coupling between a nuclear reactor and thermochemical hydrogen generation 
plant is the intermediate heat exchanger (IHX). If the coupling between a high temperature 
nuclear reactor and a hydrogen generation plant were to be achieved, a sophisticated 
understanding of the implications of this coupling is required. Both nuclear reactors and 
chemical plants may be subject to a wide variety of transient scenarios, including startup, 
shutdown, normal operation and accident conditions. Due to the severity of a potential release, 
containment of fission products is the single most important safety issue in any nuclear reactor 
facility. A nuclear reactor coupled to a chemical plant presents a complex system, due to the 
dynamic and interactive nature of both plants. Generally, the most dangerous nuclear reactor 
accidents are loss-of-heat sink (LOHS) accidents. Since the chemical plant acts as the heat sink 
for the nuclear reactor, it important to understand the interaction and feedback between the two 
systems. While both the chemical plant and the nuclear reactor are at advanced stages of testing 
individually, no serious effort has been made to understand the operation of the integrated 
system, especially during time-dependent or accident events. There is need to understand the 
behavior of the two plants during time-dependent scenarios including accidents, that could 
occur in either plant and impact the entire coupled system are present in literature. In this work 
transient models for a high temperature modular pebble bed reactor coupled to S–I cycle or 
HyS cycle based hydrogen plant are developed and analysis of various accident emanating from 
hydrogen plant are performed. 

2.2. Chemical plant model 

The current flow sheet for S–I cycle is very complex and from analysis implementation of the 
flowsheet to another code is almost impossible without simplifications to the flow sheet. 
Typically complex chemical process codes such as ASPENPlus and HYSYS are used for 
simulation of such complex processes. However, as of now, S–I cycle is not completely 
simulated in ASPENPlus or HYSYS. The S–I cycle is flow sheeted by GA [8]. Specifically 
Section 2 is simulated in ASPENPlus. Hence as the flowsheet is too complex for dynamic 
simulation it is modeled into a simple flow sheet. In the present model the S–I cycle is simplified 
in to three main reactions — Bunsen reaction, sulfuric acid decomposition and the hydriodic 
acid decomposition. Since Bunsen reaction is exothermic, it is not coupled to nuclear heat 
transport system. Thus Section 1 does not receive process heat input. Here reduced order models 
are developed for S–I cycle and are then validated against ASPEN flow sheet results. 

2.2.1. Reaction chamber model 

Governing equations applicable for a control volume of reaction chamber with inlet and outlet 
flow are derived [16, 17]. This reaction chamber model is so general that it could be used any 
kind of reactor. The model is used to analyze the reaction chamber of sulfuric acid (H2SO4) and 
hydrogen iodide (HI) decomposition reactor in S–I cycle. Transients initiated from high 
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temperature helium side such as helium inlet temperature or helium inlet flow rate changes are 
simulated. 

Extent of Reaction: 

The general chemical reaction can be written as 

   44332211 AνAνAνAν                       (1) 

where iν  are stoichiometric coefficients and the iA  stand for chemical species. Left hand side 

and right hand side of the equation are reactants and products, respectively. The iν  are called 
stoichiometric numbers, which are positive for products and negative for reactants. For 
example, the hydrogen iodide decomposition reaction can be written as 222 IHHI  , then 

2HIν , 1
2
Hν , 1

2
Iν . Eq. (1) can be rearranged as 

 0
i

ii Aν                   (2) 

For the reaction represented by Eq. (2), the changes in the numbers of moles of the species are 

directly proportional to the stoichiometric numbers. 
i

i

ν

dM

ν

dM

ν

dM
 

2

2

1

1 , where the iM  are 

the numbers of moles of the species. Each term is related to an amount of reaction. Since all 
terms are equal, they can be represented by a single quantity dX. 

 
i

i

ν
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ν
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ν

dM
dX  

2

2

1

1           

The variable, X, called the reaction coordinate or the molar extent of reaction, characterizes the 
extent or degree to which a reaction has taken place. The general relation between a differential 
change dMi,RXN in the number of moles of a reacting species and dX is 

dXνdM iRXN,i                   (3) 

The sum of the changes in the number of moles for all species is then 

  dXνΔdXνdMdM
i

i
i

RXN,iRXN 







         

The Molar Balance Equation in a Reaction Chamber: 

A schematic diagram of a reaction chamber is shown in Fig. 7. The molar balance for each 
species in the reaction chamber can be written as 

dt

dM
mm

dt

dM RXN,i
out,iin,i

R,i                        (4) 

where Mi,R = the number of moles of species i in the reaction chamber, 

 mi,in = the molar flow rate of species i into the reaction chamber, 

 mi,out = the molar flow rate of species i out of the reaction chamber. 
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FIG. 7. Schematic diagram of a reaction chamber. 

The total number of moles in reaction chamber and the total molar flow rate into and out of the 
chamber can be written respectively as 

 
i

R,iR MM , 
i

iniin mm ,  and 
i

out,iout mm . 

The molar fraction of each species in the reaction chamber is defined as 
R

R,i
i M

M
y  . The mole 

fraction of the outlet stream can be assumed to be same as one of the reaction chamber, i.e. 

outoutii mmy /, . Combining these with Eq. (3) and Eq. (4): 

dt

dX
νmm

dt

Mdy
iout,iin,i

Ri                 (5) 

where 
dt

dX
 is the molar extent of reaction rate of change in the reaction chamber. This is the 

molar continuity equation for a species, i. By summing the molar balance equation for species 
i in Eq. (5), global molar balance equation can be obtained as 

dt

dX
νΔmm

dt

dM
outin

R                 (6) 

Now combining Eq. (6) and Eq. (7) with left hand side of Eq. (6) can be expanded 

dt

dX
νm

dt

dX
νΔmy

dt

dy
M iin,iini

i
R 






                   (7) 

Above equation is a final form of molar balance equation for species i. Eq. (6) and Eq. (7) form 
an expression of the global and species molar balance equation. 

The Energy Balance: 

From the first law of the thermodynamics for the open system with negligible kinetic and 
potential energy, the energy balance equation for the entire reaction chamber can be expressed 
as 

   
dt

dP
VQhmhm

dt

dH
RHX

i
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i
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where U  = total internal energy in the reaction chamber, inih ,  = the enthalpy of each reactant 

species entering the reaction chamber, outih,  = the enthalpy of each reactant species exiting the 

reaction chamber, HXQ  = the energy input from the heat exchanger, H = U + PV = total enthalpy 

in the reaction chamber, P = pressure in the reaction chamber, and RV  = the reaction chamber 
volume remaining constant during transient If M moles of an ideal gas mixture occupy a total 
volume VR at temperature TR, the pressure is given by ideal gas law for species i: 

RRR TRMVp  . 

Dividing this by species i specific equation: 

i
R

R,ii y
M

M

P

p
  or Pyp ii   

where iy  is the mole fraction of species i in the gas mixture, and ip  is known as the partial 

pressure of species i. The sum of the partial pressures equals to the total pressure. 

A total thermodynamic property (U, H, Cp, S, A, or G) of an ideal gas mixture is the sum of the 
total properties of the individual species, each evaluated at the mixture temperature but at its 
own partial pressure. This is expressed mathematically for the enthalpy H by the equation 

 )p,T(hM)P,T(hMH i
ig

ii
ig  or  )p,T(hy)P,T(h i

ig
ii

ig    

where the superscript ig denotes an ideal gas property. Since the molar enthalpy of an ideal gas 
is independent of pressure: 

 )T(hy)T(h ig
ii

ig           

The superscript ig will be dropped for the simplicity, hereafter. The total enthalpy of the system 
can be related to the molar enthalpy using the ideal gas mixture relations. 

  
i

iiR
i

iR,iR hyMhMhMH         

where h  = the mixture molar enthalpy in the reaction chamber, ih  = the molar enthalpy of 
each species i in the reaction chamber. The expression for the change in the total enthalpy can 
be expanded as 
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From the previous, one can obtain 
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Using the change in molar enthalpy of each species in the reaction chamber Ri,Pi dTcdh   and 

assuming molar enthalpy of the outlet stream as one in the reaction chamber, iout,i hh  , the 

energy equation is further simplified to 

dt

dP
VQ

dt

dX
hΔ)hh(m

dt

dT
cM RHXRXN

i
iin,iin,i

R
PR          

The energy balance through heat exchanger is 

)hh(mTΔAUQ out,Hein,HeHeHX            

where U = overall heat transfer coefficient of heat exchanger, A = heat transfer surface area, 
TΔ = mean temperature difference in heat exchanger, mHe = molar flow rate of helium stream, 

hHe,in = molar enthalpy of helium stream at inlet with Th1, and hHe,out = molar enthalpy of helium 
stream at outlet with Th2. The unknowns in above equations are: MR, X, yi (i=1,2,,,n), mout, P, 
TR and Th2. We have (n+6) unknowns but only have (n+5) equations. We need one more 
equation to close the problem. One missing equation is rate of pressure drop through the 
reaction chamber. Using ideal gas law one can obtain [19]: 
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2.2.2 One dimensional model 

The total mass balance and enthalpy energy equation for the reaction chambers in the chemical 
plant are [19]: 

dt

dX
vmm

dt

)t(dM
inout

R  , [accumulation] + [output] = [input] + [reaction]  
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[enthalpy accumulation] + [enthalpy output] = [enthalpy input] + [heat input]  
 + [pressure work]. 

The momentum equation is 
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where the friction factor is f = 0.0014 + 0.125/Re(t)0.32. 

2.2.3. Chemical reactions in S–I cycle 

The main chemical reaction in the S–I cycle is modeled with an appropriate simplification and 
the other chemical processes for the separation, concentration and recycling are neglected or 
simplified. For Section 1, the depletion rate of sulfur dioxide can be expressed as [8]: 
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For Section 2, the analysis of the sulfuric acid decomposition is carried out in two steps. First, 
sulfuric acid is assumed to be decomposed into water and sulfur trioxide. Second, oxygen and 
sulfur dioxide are produced by the decomposition of SO3 [19]. These steps are: H2SO4 → H2O 
+ SO3 and SO3 → SO2 + O2. From the chemical equilibrium calculation, the sulfuric acid 
decomposition (first reaction) is close to 100% at above 700 °C [19]. Therefore, 100% 
conversion is assumed in this model. Then, the chemical kinetics for Section 2 is expressed as: 
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Because the reverse reaction rate of Section 3 is substantial, the definition of hydrogen iodide 
depletion rate is significantly more complex. The reaction 

3

3
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k

k
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   can be quantified via 

three coupled differential equations for the production of hydrogen and iodine and the depletion 
of hydrogen iodide. These expressions are: 
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These coupled equations for Section 3 are solved using the Runge–Kutta method. Assuming 
each reaction is elementary; these reaction rate constants can be calculated using the following 
relationships, 
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2.2.4. Model implementation 

To implement the transient model, a steady state calculation was performed. The steady state 
analysis involved calculating a steady state hydrogen production rate based on reactor coolant 
and reactant flow rates and temperatures. After the initial steady state calculation, one of the 
relevant quantities, such as reactor coolant temperature, can be perturbed and the resultant 
transient can be observed. The initial steady state condition can be obtained by either fixing all 
but one of the relevant quantities. Alternatively the coolant flow rate would be fixed and the 
heat exchanger transfer area required could be calculated. Once a steady state solution has been 
attained, a quantity, such as the reactor coolant flow rate or the reactor coolant temperature, 
should be perturbed. Then, using the time dependent energy balance, continuity balance, 
reaction rates and momentum assumption, the transient response of the S–I cycle system should 
be observed. The transient is modeled by introducing a perturbation and iterating with a small 
time step until convergence is achieved. A flowchart of the proposed transient model procedure 
is shown in Fig. 8. 

Some of the most important transients are those such as a partial loss-of-coolant accident, where 
some percentage of the reactor coolant is removed from the coolant stream. This is a potentially 
severe reactor accident. Understanding the transient behavior of the chemical plant in such an 
event is an important nuclear safety question. Thus, a sudden change in flow rate is an important 
perturbation in transient analysis. Occasionally, to prevent an out-of-control nuclear reaction, 
an emergency insertion of negative reactivity is necessitated. As a result of the reactivity 
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removal, the outlet temperature of the reactor coolant will quickly drop. The change in chemical 
plant reaction rates and hydrogen production rate would be important to understand in such an 
event. In the following section, perturbations for helium inlet temperature and helium inlet 
flowrate are simulated as transient analyses. 
 

 
FIG. 8. Flowchart – transient analysis. 
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2.3. Nuclear reactor model and plant integration 

A pebble bed modular reactor PBMR-268 was considered for coupling with a hydrogen 
production plant model. There are two elements of the HTR model: (1) the neutronic model of 
the reactor core, and (2) the thermal model of the reactor core. The following codes were 
utilized in the HTR model development: 

THERMIX: calculation of the thermal hydraulics of the nuclear reactor core; 

Purdue Advanced Reactor Core Simulator (PARCS): calculation of steady state neutron flux 
shape functions; 

RELAP5/MOD3.3: reference point of reactor point kinetic-model; 

Custom point-kinetic model for calculation of reactor neutronics. 

2.3.1. Point kinetics model and THERMIX calculations 

THERMIX is a 2-D heat transfer code in (r-z) coordinates [20, 21]. Temperature distribution in 
the pebble bed and reactor materials is calculated based on the power distribution, established 
with the neutronics code, and coolant flow [22]. Within the 2-D (r-z) geometry the 
temperatures, flow velocities, conduction heat transfer and convection heat transfer are solved 
using field equations. The thermal hydraulic nodalization defined in the PBMR-268 benchmark 
specification was used as the basis for the THERMIX model of the PBMR-268 [23]. The 
PBMR-268 model is developed based on the concepts and specifications of the PBMR-268 
reference design. Full specifications of the PBMR-268 reference design are given in the 
definition of the PBMR-268 benchmark [24]. The layout of the THERMIX PBMR-268 model 
may be found in Fig. 9. 

A reactor neutronics model is used that offers a good first or second order approximation to the 
time-dependent behavior of the reactor, accounting for temperature feedback and xenon 
feedback. The steady state power density distributions from [23] were used as shape functions 
for the point kinetics model where PARCS calculated flux distribution is used as the shape 
function for the reactor neutronics. The robustness of the benchmarking effort yields high 
efficacy for the use of this shape function with the HTR model. The radial and axial flux profiles 
used to calculate the power density distribution may be found in [25]. The 2-D core power 
density as implemented in THERMIX is shown in Fig. 10. The applicability of point kinetics 
is dependent on the average neutron fission chain length and the size of the nuclear reactor. If 
the length of the average neutron fission chain is significantly greater than the size of the reactor, 
point kinetics can be applied without introducing significant error [26]. 

A PBMR is a thermal reactor, thus delayed neutrons are the important factor in reactor response. 
A thermal reactor has a time constant of about 55 seconds [27]. The nuclear reactor kinetics 
was modeled using exact point kinetics. The point kinetics model utilized in the calculation was 
developed as an analog to the point kinetics module of the RELAP5 code. The point kinetic 
model equations are given as 
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where W is the reactor power, C is the delayed neutron precursor, s is the source rate, ρ is the 
reactivity, β is the delayed neutron fraction, Λ is average neutron generation time, λ average 
neutron precursor decay constant, subscripts i and 0 stand for precursor species and initial value. 

The number of delayed neutron groups considered was six. Doppler, moderator, reflector and 
xenon feedback can be considered in the calculation. The PKE code interacts with THERMIX 
every time step providing the nuclear heat generation term. Similarly, DIREKT interacts with 
THERMIX every time step providing the convective cooling term. Three sources of reactivity 
change are considered in the nuclear reactor kinetics models. This feedback includes: Doppler 
effect for the neutron cross-sections, Xenon-135 poisoning and imposed reactivity due to 
possible control rod motion. Moderator feedback is also considered for some transient cases. 

2.3.2. Coupling methodology 

The coupling methodology consists of an initial condition with fixed parameters throughout the 
heat exchangers; a steady-state solution is reached independently in each plant with constant 
boundary conditions. The transient is initiated in either plant by a given event. During the 
transient, the codes interact each global time step (0.01–0.5 s). The time step is constant within 
the chemical plant models, but THERMIX is capable of utilizing a smaller fixed or variable 
time step (essentially an inner iteration), while continuing to interact every global time step. 
The global time step for THERMIX is defined on card DI-F.4 and the variable time step control 
is found on card DI-F.3. Rigorous convergence criteria is attained with wide time steps (0.1–
0.5 s). The convergence criteria within the chemical plant models is generally 1E-5 and within 
the THERMIX model is generally 1E-3, although these values vary depending on the transient 
case. Temperatures and flow rates are exchanged, via file transfer, between the codes every 
global time step. The coupled code system is stable, although occasional crashes have been 
observed during the file exchange process for long transients. 

 

FIG. 9. THERMIX model schematic. 
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First a steady state coupling was achieved utilizing the flow rates from the ASPENPlus 
flowsheets without considering reactant recycle within sections. The molar flow streams and 
concentrations (for Section 1) of reactants from the ASPENPlus were scaled to a power level 
of 268 MW(th). This results in a H2 generation rate of 142.3 mol/s. Then a more realistic steady 
state coupling was implemented using a simplified flowsheet that considers recycling within 
the sections of the chemical plant. The molar flow streams and concentrations (for Section 1) 
of reactants from the ASPENPlus were scaled to a power level of 268 MW(th). The recycle 
flowrate is considered proportional to the total mass in the reaction chamber. In Section 1 and 
Section 3, all reactants are recycled except for the feed from the other sections. This flowsheet 
results in a H2 generation rate of 670.3 mol/s. This rate is reasonable, and represents an overall 
hydrogen generation efficiency of 35%. Literature predictions estimate the overall efficiency 
of an S–I cycle plant of this size to be between 30 and 42%. Thus, at least energetically in terms 
of the reaction heat, this is a reasonable hydrogen generation rate for an S–I plant of this size. 

 

 

FIG. 10. Power density distribution utilized in THERMIX model. 

 

 

2.4. Results and discussion 

The transient tests were selected based on the scenarios possible I atypical chemical plant as 
well as consideration of important transient events in HTRs. The main categories of cases 
considered include flow perturbations, loss of reactant feed, loss of product recycle or loss of 
reactant rate-limited by flow choking. Because cases initiated in the nuclear plant are generally 
well understood, the simulation of events initiated in the chemical plant are specifically 



 

382 

 

considered. Additionally, for many of the nuclear reactor initiated accident events, the chemical 
plant feedback is totally irrelevant. For example, in a rod eject accident, the driving force of the 
nuclear reactor response is the Doppler feedback due to the quick rise in reactor fuel 
temperature. Similarly, for the depressurized loss-of-forced cooling case, the chemical plant 
response is non-existent, since the nuclear reactor has lost the entire heat sink, including coolant 
flow. With no coolant flow, it is impossible for the nuclear reactor to provide heat to the 
chemical plant, and it is also impossible for the chemical plant to provide feedback to the 
nuclear reactor. 

In the PBMR-268 benchmark, the most relevant case investigated is the 100%–40%–100% load 
follow. The majority of the cases presented here are load-following accidents where the 
scenario is complicated by the dynamic feedback of the kinetic processes in the chemical plant. 
The following events were studied in the transient test matrix: 

Case 1: A partial feed flow failure from Section 1 (Bunsen reaction) to both Section 2 (H2SO4 
decomposition) and Section 3 (HI decomposition) of the chemical plant; 

Case 1: Feed flow failure (nominally 50%) from section 1 to Section 2 and Section 3; 

Case 2: Partial recycle (product) flow failure from Section 2 and Section 3 to Section 1; 

Case 3: A leak out of the Section 2 (H2SO4 decomposer); 

Case 4: Time-to-SCRAM for helium inlet overcooling at different cold reactant injection rates; 

Case 5: Helium inlet overcooling without SCRAM: power peaking analysis; 

Case 6: Total loss of chemical plant; 

Case 7: Parametric study of the steady state Section 3 (HI decomposition) temperature; 

Case 8: Control rod insertion. 

Results of example transient cases are discussed below [18]. 

2.4.1. Case 1: Partial feed flow failure from Section 1 

This test case represents a partial Bunsen reactor failure and a partial reactant flow pipe failure. 
The case is useful as a demonstration of the type of loss-of-heat sink accident that would occur 
following a pipe break in the chemical plant. The test case begins with steady state operation at 
a nuclear reactor power of 268 MW(th), assuming reactant recycling within each section of the 
chemical plant. At 5.0 seconds, a step change occurs in the flow rate from Section 1 to Section 
2, the H2SO4 decomposer and Section 3, the HI decomposer. The magnitude of the step change 
in the base case is 50%, although the magnitude of this step change is also studied 
parametrically. In this case, the flow from Section 1 to the other reaction sections is maintained 
at 50%. The consequence of this is that the flow into the decomposer sections will continually 
decrease, but it also shows the cascade of the event throughout the chemical plant. As the event 
cascades back to Section 1 of the chemical plant, the generation rate of the two acids will 
decrease, and the flow from Section 1 to the other sections will continue to decrease. Because 
Section 1 is saturated with I2 and HI, the limiting species in the cascade is SO2. 
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Generally, the response of Section 2, the majority of the heat sink, is very rapid and the nuclear 
reactor power will decrease quickly according to the fraction of mass lost. The case also shows 
the cascade throughout the chemical plant, because the output of Section 1 slowly decreases 
based on the decreased recycle input from Section 2 and the residence time. The total time for 
this cascade process is on the order of an hour. There are several interactions that occur when 
50% of the feed from Section 1 to Section 2 and Section 3 is lost. Primarily, the reactant input 
to the Section 2 and Section 3 vaporizers, heaters and decomposition chambers is lost. Because 
a step change is assumed in the flow rate, roughly half of the vaporization heat sink is 
immediately lost. This alone would result in a loss-of-heat sink accident for the nuclear reactor 
with the magnitude of the loss roughly on the order of 10%. However, because of the rapid 
response time of Section 2, a high conversion decomposition reactor with a separation loop, 
roughly half of the reaction heat sink in Section 2 is lost within seconds. The reaction rates are 
shown in Fig. 11. Several parametric studies were performed, with pressure work included in 
the energy balance, for 0.1, 0.2, 0.3, and 0.4 fractional losses of reactant input to Section 2. The 
resultant reactor power for each of these events is shown in Fig. 12. As expected, the reactor 
power decreases roughly according to the fraction of input to Section 2 lost. The continuing 
heat sink loss due to the cascade effect is also evident after the initial power decrease. Thus this 
test case successfully demonstrates the following phenomena: (1) partial loss-of-heat sink due 
to an accident in the process plant, (2) response of the various sections of the chemical plant, 
and (3) the resultant cascade throughout the chemical plant and the entire coupled plant. 

The effect of the xenon feedback is illustrated in Figure 13. The reaction chamber temperatures 
for Section 3 are shown in Fig. 14. 

 

 

FIG. 11. Case 1a, reaction rates in chemical plant. 

 



 

384 

 

 

FIG. 12. Reactor power, feed flow step changes. 

 

FIG. 13. Reactivity, power with without Xe feedback. 

 

FIG. 14. Section 3 chamber temperature. 
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2.4.2. Case 4a: Time to SCRAM for varying sulfuric acid injection rates 

The reactor power for various sulfuric acid injection rates is shown in Fig. 15. The reactor 
response to load increase is clearly visible for each sulfuric acid injection rate. As the rate 
increases, the time to SCRAM generally decreases, approaching a physical limit due to the 
Doppler feedback coefficient and the average neutron generation time. SCRAM occurs at a 
relative power of 1.06 for each case. The time-to-SCRAM was also plotted as a function of the 
degree of overcooling caused by the injection of the sulfuric acid. This plot is shown in Fig. 16. 

There are two theoretical limits on the left and right boundary of the plot. The time to SCRAM 
is limited by the physical properties of the core (e.g. the Doppler broadening of the neutron 
cross-sections and the neutron generation time), as well as the degree of realizable overcooling. 
In reality, very large helium overcooling is not likely. Helium overcooling in excess of 100 K 
is highly unrealistic, unless an air ingress into the reactor core is considered. However, the 
limiting factor in the case of air ingress is not the overcooling, but the depressurization of the 
core. Thus, the limit is not just caused by the physical properties of the core, but also by the 
physical realizability of the accident.  

 

FIG. 15. Relative power due to Section 2 overcooling. 

 

FIG. 16. Time to SCRAM due to H2 overcooling. 
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On the other hand, small inlet overcoolings, namely those less than about 20 K, would not cause 
a significant enough power increase to SCRAM the reactor. If the reactor is operating at a 
fraction of full power, for example 90%, the core could sustain even greater overcooling, 
perhaps in excess of 50 K, without SCRAM. The full results of the 100 mol/s sulfuric acid 
injection are presented here. 

2.4.3. Case 5b: Helium inlet overcooling, sulfuric acid ramp change 

Results were also obtained for 50 mol/s and 200 mol/s ramp injections of additional sulfuric 
acid. The reaction rates during the ramp change are shown in Fig. 17. The nuclear reactor 
relative power and the resulting the maximum fuel temperature are shown in Fig. 18. The ramp 
results are very similar to the results for the step change. The long ramp causes a longer power 
peak, but the energy deposition in the core is less than the step change case. The peak power is 
about 294 MW and the peak fuel temperature is about 1417 K. The final load and reaction rates 
in the chemical plant are a little higher than the initial rates. This makes sense, because 
additional reactant mass has been added to the closed system. The large residence time of 
Section 1 and large molar mass inventory there limits the net increase in the reaction rate 
throughout the chemical plant. 

 

FIG. 17. Reaction rates in Sections 1, 2 and 3. 

 

FIG. 18. Nuclear reactor maximum fuel temperature and power. 
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2.5. Conclusions and recommendations 

An evaluation method for the dynamic coupling of a nuclear reactor to a chemical process plant 
was developed. This scheme was necessitated by a number of unanswered questions regarding 
the direct coupling and the nature of the two plants. Safety issues in the individual plants were 
discussed. The most likely and most severe accident scenarios in either individual plant were 
projected. Some possible issues in the coupled plant, particularly load-following transients with 
uncertain thermal turbulence in the chemical plant, were identified. Particular attention was 
paid to operational or safety related events initiated in the chemical plant or in interactions 
between the two plants. Several proposed accidents initiated in the chemical plant were 
developed. Generally, two extreme scenarios were identified: (1) discharge rate limited 
scenarios and (2) discontinuous reactor accidents. These include reaction chamber ruptures or 
pipe failures within the chemical plant, either reactant or product flow. Typically, these 
accidents manifest as rate-limited loss-of-heat sink accidents in the nuclear reactor with 
feedback from the chemical plant. Additional accidents identified include the total loss of 
chemical plant, a traditional secondary side LOHS event. Reactor power excursion due to 
overcooling was also identified as an important operational or accident event. 

3. ECONOMIC ANALYSIS OF NUCLEAR HYDROGEN PRODUCTION USING 
SULFUR–IODINE CYCLE COUPLED TO HIGH TEMPERATURE NUCLEAR REACTOR 
HEAT 

3.1. Introduction 

The sulfur–iodine cycle based thermochemical water splitting process was identified as one of 
the promising hydrogen production technologies enabled by the high temperature gas cooled 
reactor (HTGR) in the initial EPRI hydrogen assessment plan [28]. In a parallel to the EPRI 
effort and assessment, the economic analyses modeling and related parameters and ground rules 
for a broader range of both central and distributed H2 production and delivery systems are being 
addressed through DOE’s H2A Program [29]. The primary objectives of the DOE’s H2A 
program were to: (i) improve the consistency and transparency of the ground rules and 
assumptions for the economic analyses of hydrogen systems within the DOE hydrogen 
programs, as well as within related industry programs; (ii) develop a tool for consistent analyses 
and reporting of the economics of hydrogen production and delivery systems, as well as for 
R&D direction and portfolio analyses, and (iii) Validate the consistent ground rules, 
assumptions and analyses methodology through deliberations with a select group of key 
industrial collaborators, including nuclear utility and vendor representatives. Further analyses 
and developments on methodology, ground rules, fuel forecasts and related cost and 
performance parameters were made that were built upon the initial EPRI effort, with applicable 
refinements from the more extensive H2A efforts [30]. In this chapter first the EPRI economic 
assessment and DOE Nuclear Hydrogen Initiative (NHI) economic assessment of the S–I cycle 
coupled to HTGR is reviewed. Following this the economic analysis of the S–I cycle coupled 
to PBMR is presented that takes into account the detailed equipment capital cost supported by 
the ASPENPlus economic models [31]. 

3.2. EPRI economic assessment summary 

3.2.1. Analysis methodology and financial parameters 

The EPRI cost and economic analysis applies a Fixed Charge Rate (FCR) methodology, which 
is typically used within EPRI and the utility industry for comparative economic analyses of 
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alternative utility systems. In DOE H2A analyses, a more detailed Discounted Cash Flow 
(DCF) model was developed and applied for the central and distributed H2 production systems. 
The DCF model is, in particular, better suited for accounting for time variations of costs and 
revenues, e.g. the ramp-up of operations at the beginning of plant life and/or the ramp-down of 
operations at the end of plant life, plus the inclusion of the related time varying working capital. 
The financial parameters include: 

An after income tax discount rate (or weighted cost of capital) of 10%. 

An effective income tax rate of 38.9% is applied based on a federal tax rate of 35% and a state 
tax rate of 6%. 

Facility lives of 40 years of operation for the HTGR and other energy source plants, as well as 
the hydrogen production plants. During operation any replacement costs are added to the initial 
capital costs. The initial EPRI assessment applied a more conservative 28 years, which is 
addressed with a sensitivity analysis. 

Accelerated depreciation facility lives of 20 years. 

Reference year dollars were 2004 for the EPRI assessment update versus 2002 for the initial 
EPRI assessment and 2000 for the H2A assessments and constant dollar analyses were applied. 

Capital Costs 

All HTGR and the comparative hydrogen production concepts are assumed to be commercially 
mature and have been evaluated for a consistent 2030 to 2070 service timeframe; 

A nominal three year construction period is applied with 25%, 40% and 35% of the costs 
incurred respectively; 

Any periodic capital replacements, e.g. the HTGR intermediate heat exchangers, are discounted 
back to the startup year and added to the total plant capital costs; 

A contingency is applied to all capital cost with the best judgment intent that the resultant total 
capital cost represents the mean or expected cost value; 

A constant site size of 400 acres has been applied for all HTGR based H2 production options at 
an assumed unit cost of 5000 $/acre. 

Operating Costs and Fuel and Feedstocks 

A 90% capacity factor has been applied to all HTGR-based H2 production options, as well as 
the comparative non-HTGR based options; 

An average burdened labor rate of 50 $/h, plus a 20% G&A adder, have been applied 
consistently for the plant staffs; 

Property taxes and business insurance are consistently estimated based on 2%/a of the total 
initial, overnight capital costs; 

The detailed cost forecasts for all hydrogen related fuels, feedstocks and significant by-products 
are similar to the H2A effort; 
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An oxygen (O2) byproduct credit sensitivity is applied at 20 $/Mt. 

Hydrogen Conditions 

The delivery pressure at all production plant gates is consistently 2.1 MPa (300 psig). 

No central storage is included at the production plants other than buffer storage, as required for 
efficient operations. 

Hydrogen purity specifications are based on current PEM fuel cells projected for mass vehicular 
applications, which include 98% minimum hydrogen content, CO < 10ppm, sulfur < 10ppm, 
etc. 

A summary of the resultant, significant ground rule-based parameter are listed in Table 5. 

TABLE 5. SUMMARY OF PARAMETERS 

Parameters Value 

Discount rate 10 %/a 

Plant life  40 a 

Property taxes and insurance (2% of total capital/a) Included in O&M cost 

Annual replacement capital (% of initial capital) 0.5%/a in FCR 

Net FCR 14.4 %/a 

HTGR startup date (year)  2030 

Levelized U3O8 ($/lb) 37.50 

Levelized enrichment ($/SWU) 54.75 

 

3.2.2. Cost estimates for HTGR coupled to chemical process 

The cost estimates for the HTGR coupled to process heat at 950 ºC core outlet temperatures are 
projected from the GT-HTGR estimates [8] by replacing the gas-turbine power conversion unit 
(PCU) with primary and secondary heat transport loops that route the thermal energy from the 
reactor to the chemical process in question. Key components that replace the PCU in the 
primary loop include an intermediate heat exchanger (IHX) and circulator, and the isolation 
valves that are provided on the secondary side of the IHX. In addition, the secondary helium 
loop includes a second helium circulator and the secondary loop ducting. With regard to cost 
adjustments, the expected replacement of the IHX has been included after 25 years. This is 
accounted for by adding the present value of the 96.5 M$ IHX replacement estimate, including 
a factor for installation, to the capital costs. Other cost adjustments include an operating cost 
factor for electric power to the overall plant. The operating costs did not include outside electric 
power that is needed by the reactor modules for the circulators of the primary and secondary 
helium heat transfer circuits. A total of 40 MW(e) is added to the overall plant electrical 
requirement. The circulator power is essentially all converted to heat, which increases the 
thermal power available to the process to 2440 MW(th). A charge of 12 kW(e) of house load 
per MW(th) of heat rejected for house load was also added. The total capital investment for the 
S–I process plant is 1085 $/kg/d, based on a plant sized at approximately 731 600 kg/d capacity 
[8]. This value includes auxiliary facilities and the initial chemical inventory. Tables 6 and 7 
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summarizes the capital cost elements for the HTGR energy source for 1000 ºC core outlet 
temperature and the S–I chemical plant. 

On operating cost the nuclear plant is projected to have a staff of 200 FTEs (full time 
equivalent). The balance of O&M is made up of the annual cost of materials and services for 
maintenance and repairs, including materials and services at the same 1% of initial capital, plus 
the property taxes and insurance at 2 %/a of initial capital. Table 8 summarizes the resultant 
O&M and total heat generation costs for 1000 ºC core outlet temperature. The decommissioning 
costs are also included in this table. 

The 2440 MW(th) based S–I process plant requires an electric power source of approximately 
75 MW(e). Staff for the S–I plant was set to be 190 persons, and the annual cost of materials 
and services is set at 4% of the initial overnight capital investment, excluding the initial 
chemical inventory. Total O&M is 7.5% of the plant capital investment. Property tax and 
insurance were added to the operating and maintenance costs for the S–I plant at a combined 
rate equal to 2% of the initial overnight cost. Combined with O&M costs, the total annual costs 
for the S–I plant are 9.5% of the plant capital investment. The pumping power requirements 
itemized for the process plant in the flowsheets were summed and an electric power cost was 
determined to add to the annual operating figure. The rate for the latter is the same used for the 
reactor and intermediate loop circulator power. The electric power consumption is consequently 
made-up of four principal loads: the PH-HTGR primary helium coolant circulator, the 
intermediate loop circulator, the power for process plant pumps and an allocation for house 
load, which is primarily the final heat rejection circuit pumping power. The process pressure 
assumed is 2.1 MPa. Details of the O&M costs for the S–I plant are shown in Table 9. 

 

TABLE 6. CAPITAL COST ESTIMATES FOR HTGR COUPLED TO CHEMICAL PROCESS 
PLANT 

Parameters Value 

Thermal power 2440 MW(th) 

Annual generation 18 935 GW(th) 

Capital cost 
 Base 
 Contingency 
 Overnight 
 IDC 
 Subtotal 

 
973.3 M$ 
194.7 M$ 
1167.9 M$ 
177.5 M$ 
1345.5 M$ 

Replacement capital, PV year 1, IHX 14.9 M$ 

Total capital cost  1360.4 M$ 

Annual cost 195.4 M$/a 

Unit installed 564 $/kW(th) 

Unit generation capital cost 10.3 $/MW(th) 
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TABLE 7. S–I CHEMICAL PLANT COSTS — EPRI 2004$ 

Parameters Value 

Core outlet temperature 1000 °C 

H2 production capacity 768 Mt/d 

H2 process plant cost 
 Overnight capital cost 
 Initial chemical inventory 
 Interest during construction  
 Total capital cost 
 Per unit installed cost 
 Per unit installed cost 

 
532.1 M$ 
121.7 M$ 
99.6 M$ 
753.3 M$ 
981 $/kg/d 
309 $/kW(th) 

Annual capital cost 108.1 M$/a 

Per unit product cost 0.43 $/kg 

O&M cost 76.7 M$/a 

Per unit product cost 0.30 $/kg 

Total H2 plant cost 184.8 M$/a 

Per unit product cost 0.73 $/kg 

 

 

TABLE 8. OPERATING AND THERMAL GENERATION COST 

Parameters Value 

Fuel cycle @ 90% capacity factor 
 Annual 
 Unit 

 
82.4 M$/a 
4.3 $/MW(th) 

Decommissioning 
 Annual 
 Unit 

 
1.7 M$/a 
0.1 $/MW(th) 

O&M 
 # FTE staff 
 Labor cost 
 Property tax & insurance 
 Supplies and services 
 Annual O&M cost 
 Unit O&M cost 

 
200 
25.0 M$/a 
23.7 M$/a 
10.7 M$/a 
59.4 M$/a 
3.1 $/MW(th) 

Total operating cost 
 Annual 
 Unit 

 
143.5 M$/a 
7.5 $/MW(th) 

Total heat generating cost 
 Annual 
 Unit 

 
338.8 M$/a 
17.6 $/MW(th) 
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TABLE 9. S–I PLANT O&M COST 

Parameters Value 

# FTE staff 190 

Labor cost 20.9 M$/a 

Process feedstock 3.2 M$/a 

Electric power 21.9 M$/a 

Property tax & insurance 11.1 M$/a 

Supplies and services 19.6 M$/a 

Total 
Unit cost 

76.7 M$/a 
0.30 $/kg 

 

The hydrogen product cost is the combination of the HTGR heat source and the S–I plant 
economic factors just tabulated. Final cost is calculated without and with an oxygen byproduct 
credit. The costs resulting from the 1000 ºC core outlet temperature analysis are summarized in 
Table 10 which 

TABLE 10. HYDROGEN COSTS FOR S–I HTGR 

Hydrogen cost  $/kg 

Without oxygen credit 2.07 

Including oxygen credit 1.91 

 

3.3. Nuclear Hydrogen Initiative (NHI) assessment 

DOE NHI has studied S–I cycle for hydrogen production using the Next Generation Nuclear 
Plant (NGNP) and assessed hydrogen production cost studies coordinated through the H2A 
Hydrogen Analysis Program of the DOE Office of Energy Efficiency and Renewable Energy 
(EERE) [32]. The reference design in this assessment was based on hydrogen plant size of 
approximately 160 000 Sm3/h (142 million scf/d, 343 t/d, 2000 moles/s, 4.0 kg/s). For that level, 
depending on the hydrogen process, the HTGR nuclear units are applied in integer numbers to 
provide the necessary high temperature heat input according to each process. In the model, 
additional heat available from the HTGR units is converted into electricity in a Rankine cycle 
with a condensing steam turbine generator system. This electric power is provided to the 
hydrogen production system. Excess electric power for the hydrogen process is imported from 
the electric grid. 

For the HTGR, a generic nuclear heat supply system (NHSS) was assumed to generate a 
nominal 550 MW(th) of heat and deliver helium at 910 °C to the process coupling heat 
exchanger(s) of the process plant. Helium returns to the NHSS in the range of 275 to 350 °C. 
The S–I cycle includes the feature of a H2SO4 decomposer with silicon carbide tubes, as has 
been developed at Sandia National Laboratories. For this decomposer the NGNP Study model 
takes the design and costing from a variant of the design by Westinghouse [33]. The HI section 
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utilizes the reactive distillation option. The process plant is coupled with three NHSSs and 
produced 176 000 Sm3/h (4.4 kg/s) of hydrogen. Oxygen is sold as a by-product. 

The process plant used all of the nuclear heat and so no electricity was generated on-site. 
330 MW(e) of grid power was consumed. Without reference to a particular HTGR, the cost of 
nuclear heat was an input parameter of 30 $/MWh(th). Electricity cost was set based on a 2008 
price of 75 $/MWh(e). For the analysis, real escalation, over and above any inflation, is included 
at 1%/a over the plant life for the electric power bought or sold. The assumed reactor outlet 
temperature for evaluating component costs and process efficiencies was 950 °C. Systems and 
major components/subsystems of the S–I hydrogen system are as follows. 

Sulfuric acid decomposition section (SAD) 

Sulfuric acid decomposer scaled with heat transfer area from SiC bayonet tube design by 
Westinghouse; 

2 trains per 3 reactor units, 6 total SAD trains 

Bunsen Reaction System (BUN) 

Bunsen reactor; 
Three-phase separator; 
1 train per 3 reactor units, 3 total BUN trains 
 

HI decomposition systems (HAD) 

Reactive still; 
Recuperators; 
Process coupling heat exchanger; 
1 train per 3 reactor units, 3 total HAD trains 
 

Balance of S–I plant 

Feed purification (FUS); 
Reactor products handling & product purification (PPU); 
Instrumentation and controls 
 

Figure 19 is a schematic diagram of the overall system conditions used. 

 

FIG. 19. DOE NHI S–I cycle conditions. 
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Using H2A ground rules (economic drivers and other parameters) which are similar to the ones 
given in Section 3.2.1. The more significant assumptions for the analyses are given in Table 11. 

A levelized selling price for hydrogen over the plant lifetime is calculated using the H2A 
analysis. The reference case costs are for the hydrogen product with 1 %/a electricity cost 
escalation, credit for the parallel production of oxygen and 100% equity financing at 10% IRR. 
The levelized hydrogen selling prices for the reference case is summarized in Table 12 along 
with the prices for the alternate parameters. 

 

TABLE 11. ASSUMPTIONS FOR ANALYSIS OF ECONOMICS 

Parameters Value 

Reference dollar year 3rd Quarter 2008 

Assumed start-up year 2030 

Plant location US Gulf Coast 

Plant maturity assumption Nth of a kind plant 

Financing 100% equity 

After-tax real IRR 10% (equivalent to D/E = 75/25 with 20% IRR and 
10% debt rate) 

Project overall capital  

Contingency 10% 

Plant life 30 years 

Lifetime capacity factor 8200 h/a (93.5%) 

Construction period 3 years 

Costs in construction years 25% / 40% / 35% 

Start-up period 1 year 

Income tax rate (composite) 38.9% 

Depreciation 20 a, MACRS 

Property tax rate 1% of overnight capital cost 

Insurance rate 1% of overnight capital cost 

Capital replacement As scheduled + 0.5%/a 

Working capital 15% of change in annual operating costs 
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TABLE 12. LEVELIZED SELLING PRICE OF HYDROGEN (UNIT: $/kg) 

Reference cases 10.71 

Excluding electricity cost escalation 10.12 

Excluding O2 credit 11.09 

 

 

3.4. S–I cycle coupled to PBMR 

In this section, the economic evaluation is done in conjunction with estimate of the equipment 
of the S–I cycle process estimated through ASPENPlus flow sheets. S–I plant is coupled to a 
pebble bed modular reactor (PBMR) high temperature heat source through an IHX as shown in 
schematic Figures 20 and 21. The two acids (H2SO4 and HI) decomposition part consist of 
preheater, evaporator and decomposer which are connected to process heat exchangers (PHX). 
The decomposer for H2SO4 can be replaced with SNL devised single bayonet decomposition 
reactor that features internal recuperation and allows all of the connections to be made at 
relatively low temperatures, where polytetrafluoroethylene (PTFE) and similar materials can 
be used for seals [34]. 

3.5. S–I cycle flowsheet and energy balance 

Figures 22 and 23 shows the integrated flowsheet of the simplified S–I model and the stream 
numbers and conditions. All three reactions in S–I cycle, i.e. Bunsen (Section 1), H2SO4 
decomposition (Section 2), and HI decomposition (Section 3) reactions, are modeled. All 
streams in Section 1, 2, 3 are interconnected and recycled except for outgoing hydrogen and 
oxygen and feeding water. 

 

 

FIG. 20. PBMR coupling to S–I plant. 
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FIG. 21. S–I plant heat transfer schematic. 

 

 

For the simplified model, various assumptions are used and summarized as follows: 

3-phase separator 

All sulfuric acid is flowing to Section 2; 

Water molar flow rate into Section 2 is 4 times sulfuric acid molar flow; 

All HI is flowing to Section 3; 

Water molar flow rate into Section 3 is 5 times HI molar flow; 

Iodine molar flow rate into Section 3 is 4 times HI molar flow; 

All other remaining species are recycled to Bunsen reactor 

Sulfuric acid concentrator 

It concentrates 90% of the sulfuric acid molar fraction; 

Water evaporated in the concentrator is returned to Bunsen reactor. 

Section 2 vaporizer: All sulfuric acid is decomposed to water and sulfur trioxide. 
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Section 2 decomposer: Decomposition reaction of sulfur trioxide into sulfur dioxide and oxygen 
takes place. Chemical kinetics equation is solved. 

Section 2 cooler 

High temperature stream is cooled down to 120 °C; 

During the cooldown, sulfuric acid is formed by recombination of sulfuric trioxide and water; 

All oxygen products are separated; 

All sulfuric acid and water are recycled in Section 2 and forwarded to sulfuric acid concentrator; 

All sulfur dioxide is returned to Bunsen reactor 

Section 3 decomposer: Decomposition reaction of HI into hydrogen and Iodine takes place. 
Chemical kinetics equation is solved. 

Section 3 cooler 

High temperature stream is cooled down to 120 °C; 

All hydrogen products are separated; 

All other components are returned to Bunsen reactor. 

Cooling loads in Sections 2 and 3 coolers will be used in heating devices such as preheater, 
vaporizer, etc. 

Temperature settings are temporary. It could be adjustable. 

Exothermic heat of reaction in the Bunsen reactor is not considered. 

Due to much slower kinetics in HI decomposition reaction the calculated reactor volume for HI 
decomposer was much bigger than for SO3 decomposer. The backward as well as the forward 
reactions were considered in the HI decomposer. The existence of the backward reaction in the 
decomposer results in the slower net reaction. To avoid an unrealistic reactor chamber volume 
in HI decomposer, only the forward reaction is considered in this model. 

Some of cooling loads in Sections 2 and 3 should be used in heating devices such as preheater, 
vaporizer, etc. However, an exact heat recovery scheme is not yet determined. Therefore, net 
heat loads for each section are calculated on the assumption of heat recovery fraction such as 
100% or 90% heat recovery. 

Table 13 lists the species molar flow rates for each stream for the steady state solution. 
Representative results of the steady state analysis are summarized as follows: 
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FIG. 22. Flowsheet of the simplified S–I model: Integration scheme. 

 

 

 

FIG. 23. Flowsheet of the simplified S–I model: Stream numbering scheme. 
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TABLE 13. MATERIAL BALANCE (a)(b) 

Stream No. SO2 I2 H2O HI H2SO4 

11 0 0 1 0 0 

12 2.266 49 66 10 0 

13 1.266 48 64 12 1 

14 1.266 0 0 0 0 

      

Stream No. H2SO4 H2O SO3 SO2 O2 

15 1 4 0 0 0 

21   0 0 0 

22 0 5 0 0 0 

23   0 0 0 

24   0 0 0 

25 0   0 0 

26 0   1 0.5 

27   0 1 0.5 

28   0 0 0 

29 0 0 0 1 0 

30 0 0 0 0 0.5 

      

Stream No. H2 I2 HI H2O  

16 0 48 12 60  

31 0 48 12 60  

32 0 48 12 60  

33 1 49 10 60  

34 1 0 0 0  

35 0 49 10 60  

(a) Stream numbers are shown in Fig. 23. 
(b) Flow rate unit is mol/s per and the tables are for 1 mol/s of H2 generation. 
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The steady state solution is attained by fixing a desired quantity and calculating the required 
reaction rates, heat input, chamber volume, chamber temperatures and reactant flow rates. 
Where applicable, the reactant concentrations and/or flow rates are utilized from the 
ASPENPlus flowsheets. The concentration and flow rates of species for each Sections 1, 2 and 
3 are shown in Tables 14. 

TABLE 14. CONCENTRATIONS AND LOW RATES FOR EACH SECTION 

Section Components Inlet flow (mol/s) Concentration 
(mol/m3) 

Outlet flow 
(mol/s) 

1 

SO2 2.5288 315.09 1.5288 

I2 49.042 9901.5 48.042 

H2O 73.254 14685 71.254 

HI 10.459 2567.8 12.459 

H2SO4 0 206.1 1 

2 

H2SO4 1.0071 0.064506 0.007114 

H2O 2.8325 34.749 3.8325 

SO3 1.3002 11.789 1.3002 

SO2 1.1559 19.547 2.1559 

O2 0.57795 9.7737 1.0779 

3 

H2 0.77881 5.1589 1.7788 

I2 16.788 51.589 17.788 

HI 57.545 161.09 55.545 

H2O 51.051 148.06 51.051 

 

The simplified flow paths with pumps for coolant circulation to the heat exchanger and Sections 
2 and 3 are shown in Fig. 24. 

Due to poor reaction rates in Sections 1 and 3, both Section 1 and Section 3 require recycling 
of large amounts of reactant within the sections themselves. Section 2 is generally a once-
through process whereby the sulfuric acid feed is directly decomposed. Section 1 utilizes iodine 
as a solvent. This reactant recycling requires the design of a new simplified flowsheet. This 
flowsheet incorporates the flow between the sections, e.g. the products and reactants, and the 
species that are used as solvents, excess reactants or some other agent. The flowsheet is shown 
in Table 15. 
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FIG. 24. Simplified heat transport flow loop for S–I cycle plant. 

TABLE 15. FLOWSHEET WITH RECYCLING 
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Steady state results for the nuclear reactor are shown in Table 16. Steady state results for the 
S–I cycle plant are shown in Table 17. Although the conversion depends on the temperature 
and the catalyst, the half-life of H2SO4 decomposition is mere fractions of a second. This 
behavior is physically correct, and was validated to the H2SO4 Bayonet decomposer at SNL. 
Because a small inventory of H2O and SO2 is maintained within the control volume, the reaction 
chamber model in Section 2 acts not just as an H2SO4 decomposer, but also as a small buffer 
tank for the storage of SO2 and H2O. In terms of actual operation of the S–I cycle, this behavior 
is reasonable. Based on integrated laboratory scale experiments, the response of Section 2 
would be on the order of seconds, and some excess product inventory would be maintained in 
buffer tanks. 

TABLE 16. STEADY STATE SIMULATION PARAMETERS AND RESULTS FOR PBMR-268 

Category Value 

Reactor thermal power 268 MW(th) 

Mass flow rate 129.0 kg/s 

Helium inlet temperature 773 K 

Helium exit temperature 1172.1 K 

Maximum fuel temperature 1385.1 K 

Average fuel temperature 1044.9 K 

Average core solid region temperature 1033.2 K 

IHX flow to Section 2 112.4 kg/s 

IHX flow to Section 3 16.5 kg/s 

 

TABLE 17. STEADY STATE SIMULATION RESULTS FOR S–I CYCLE PLANT.  
HIGH CAPACITY SECTION 2 REACTOR 

Category Section 2 value Section 3 value 

Total reaction chamber volume (m3) 369.9 38 411 

Reaction chamber temperature (K) 1123.15 723.15 

Qhx (MW) 233.1 34.2 

Reaction rate (mol/s) 670.3 670.3 

Total moles in reaction chamber (mol) 71 415 14 054 800 

Product mole fraction 0.152 O2 0.0141 H2 
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The capacity and volume of the reactor is essentially determined by the desired conversion of 
H2SO4. Due to the short reaction kinetics, high conversion of H2SO4 can be attained even at 
relatively low reactor volumes, with correspondingly low residence times. Thus to achieve a 
model more representative of current experimental results and likely industrial implementation, 
the reaction chamber volume of Section 2 was lowered. The conversion of the new reaction 
chamber is 93.0% and the unreacted H2SO4 is recycled, along with any excess H2O, and SO2 
that is not sent to Section 1. At this lower conversion, the smaller reaction chamber volume is 
104.6 m3. This is shown in Table 18. This volume and conversion correspond well to a likely 
industrial scale-up of the Bayonet decomposer at SNL. In comparison, the conversion fraction 
of the decomposer exceeds 99%. The extra 6–7% of conversion is not worth the additional 
volume. 

For integration of the S–I plant to PBMR plant the molar flow streams and concentrations (for 
Section 1) of reactants from the ASPENPlus were scaled to a net thermal power level of 
268 MW(th) transferred to the S–I plant. The recycle flowrate is considered proportional to the 
total mass in the reaction chamber. In Section 1 and Section 3, all reactants are recycled except 
for the feed from the other sections. This flowsheet results in a H2 generation rate of 
670.3 mol/s. This rate is reasonable, and represents an overall hydrogen generation efficiency 
of 35%. Literature predictions estimate the overall efficiency of an S–I cycle plant of this size 
to be between 30 and 42%. Thus, at least energetically in terms of the reaction heat, this is a 
reasonable hydrogen generation rate for an S–I plant of this size. 

TABLE 18. STEADY STATE SIMULATION RESULTS FOR S–I CYCLE PLANT.  
LOW CAPACITY SECTION 2 REACTOR 

Category Section 2 value Section 3 value 

Total reaction chamber volume (m3) 104.6 38 411 

Reaction chamber temperature (K) 1123.15 723.15 

Qhx (MW) 233.1 34.2 

Reaction rate (mol/s) 670.3 670.3 

Total moles in reaction chamber (mol) 7941 14 054 800 

Product mole fraction 0.151 O2 0.0141 H2 

 

The power balance of the overall S–I plant coupled to PBMR is given as: 

QTH-R = QTH-IS +QTH-HI+ QEL/nE + QTH-Cool 

where QTH-R is the required nuclear power, QTH-IS and QTH-HI are the thermal powers delivered 
to Sections 2 (H2SO4 section) and 3 (HI section), respectively, QEL is the electricity needed for 
the S–I plant and the He recirculation auxiliaries, nE (equal to 42%) is the thermal-electric 
efficiency of the helium Brayton power cycle (Power Island), and QTH-Cool is the thermal power 
rejected externally by the cooler at the exit of the S–I plant. 
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For the baseline H2 production level (i.e. 670.3 mol H2/s), the PBMR heat power required is 
268 MW(th). The required electric power (QEL), is estimated at 40% of the total PBMR power 
214 MW(th) (135 MW(e) at 42% conversion efficiency) of which more than 75% needed is 
needed for the HIx section and the remainder due to the other plant sections and to the helium 
recirculation. A further 10% of the PBMR thermal power (53 MW(th)) is rejected by the cooler 
(QTH-Cool). This implies that a total thermal power approximately twice the PBMR 
(536 MW(th)) are needed for the production of hydrogen at 670.3 mol/s. Hence in the economic 
analysis, two PBMR of 268 MW one for electrical production and other to provide thermal heat 
to S–I processes, are assumed with base production of hydrogen at 670.3 mol/s or 117 MTD. 

3.6. Economic analysis 

Capital cost estimates followed the procedure by Brown et al. [8] with the ASPENPlus 
flowsheets estimated equipment costs. Older cost data were scaled to 2014 using the Chemical 
Engineering Plant Cost Index (CEPCI) [35]. 

3.6.1. Chemical plant capital and operating costs 

Table 19 gives costs of the three sections of the S–I plant and the total capital investment. 
Similar to Brown et al (2003) standard factors are used in Table 19 to calculate the total capital 
investment from the Total Installed Equipment Cost (Total Bare Module Cost with Adders). 
The Contingency and Fee are 18% of the Installed Equipment Cost. The Auxiliary Facilities 
cost is 35% of the FOB equipment cost based and carbon steel construction. Interest during 
construction is calculated assuming that the construction funds will be borrowed linearly over 
the three years of construction and the 7% cost of construction funds is compounded monthly. 
The recovery of the total chemical plant investment is a major component of the cost of 
hydrogen. The total chemical plant investment is also one of the major inputs in calculating the 
operating cost of the chemical plant. The installed equipment cost, or bare module cost, is 
obtained from the equipment by applying a factor appropriate to the equipment type. This factor 
considers costs such as piping, instrumentation and electrical equipment 

The initial chemical inventory is almost exclusively iodine. The iodine is a major cost item 
because there is such a large recycle of HIx between Sections 1 and 3 for the reactive distillation 
flowsheet. The iodine inventory of the system is almost entirely within the heat exchangers of 
Section 3. The volume of the heat exchangers is at minimized with use of printed compact heat 
exchangers (PCHE) employed in the sulfuric acid decomposer. The PCHE requires both a heat 
exchange area and a much smaller internal volume per unit heat exchange area than an 
equivalent shell and tube heat exchanger. The costs of PCHE, for a given duty, are assumed to 
be the same as for the shell and tube heat exchangers. The cost of the iodine inventory was 
valued at 40 $/kg, as per the $2014 market price. The operating cost of a chemical plant is given 
in Table 20. The hydrogen plant was assumed to operate at 33% efficiency for 670 moles/s 
hydrogen generation. The S–I chemical plant is assumed to be single plant coupled to two 
PBMR plants with total capacity of 536 MW(th). 

3.6.2. Reactor costs 

The cost estimate for the reactors was based on studies by the GA Reactor Group to develop 
the capital costs for Modular Helium Reactors that produces electricity by means of a gas 
turbine in the primary helium coolant circuit GT-MHR and Process Heat Turbine Modular 
Helium Reactor (PH-MHR). For the current system two PBMR are considered with (i) one as 
GT-PBMR that provides all needed electrical power to run the processes in S–I plant including 
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pumps, compressor, circulators, mixers, coolant flow and any other electric power required and 
(ii) one H2-PBMR where the PBMR thermal heat is coupled to S–I plant processes. The PBMR 
reactor costs are assumed similar to the analysis in [8] and are updated to 2014 costs. Table 21 
gives reactor capital cost of Turbine–PBMR (GT-PBMR) as well as the cost of an H2-PBMR 
operating with the same helium outlet temperature. The Table 21 also shows breakdown of the 
costs of Intermediate Heat Exchanger (IHX) and Primary Circulator from the Reactor Plant 
Equipment, and estimates of the cost of the Secondary Circulator and the Secondary Helium 
Duct (SHD), which connects the reactor to the process. The operating cost of the nuclear reactor 
is composed of several factors. These include fuel cycle cost of 7.4 mil/kWh and an operating 
and maintenance cost of 3 mil/kWh, for a GT-PBMR operating at 42% efficiency. 

 

 

TABLE 19. CAPITAL COST ESTIMATE SUMMARY FOR S–I PLANT WITH 670 mol/s 
HYDROGEN PRODUCTION 

Description Equiv CS FOB 
cost  
($) 

Bare module 
cost  
($) 

Total installed 
equipment cost 
($) 

Subtotals for Section 1 1 484 674 8 171 524 13 558 693 

Subtotals for Section 2 1 561 747 23 652 837 25 310 923 

Subtotals for Section 3 4 458 738 27 786 333 52 048 203 

Total CS FOB cost 7 505 158   

Total bare module cost  59 610 693  

Total bare module cost with Adders  
total installed equipment cost 

  90 917 819 

Contingency and fee   16 365 208 

Total module cost   107 283 027 

Auxiliary facilities cost   2 626 805 

Fixed capital investment   109 909 832 

Initial chemical inventory cost   22 077 308 

Overnight capital investment   131 987 140 

Interest during construction (7% APR)   15 257 713 

Total capital investment   147 244 853 
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TABLE 20. ANNUAL OPERATING COST ESTIMATE SUMMARY FOR S–I PLANT WITH 670 
mol/s HYDROGEN PRODUCTION 

Cost item Basis Annual cost ($) 
Operating labor 15 operators per shift on 4 rotating 

shifts at 80 000 $/person/a 
923 076.92 

Supervisory and clerical labor 15% of operating labor 138 461.54 
Maintenance and repairs 6% of fixed capital investment 6 594 590.00 
Operating supplies 15% of maintenance and repairs 989 188.46 
Laboratory charges 15% of operating labor 138 461.54 
Taxes 2% of fixed capital investment 2 198 196.73 
Administrative costs 20% of operating labor 184 615.38 
Total operating costs  11 166 591.00 

 

TABLE 21. PLANT CAPITAL COST FOR ONE EACH 268 MW(th) GAS TURBINE  
(GT-PBMR) AND HYDROGEN (H2-PBMR) PEBBLE BED MODULAR REACTOR (UNIT: k$) 

Account description GT-PBMR H2-PBMR 
Direct costs: 
Land and land rights 0 0 
Structures and improvements 18 909 18 876 
Reactor plant equipment 63 227 44 490 
Turbine plant equipment 13 068 0 
Electric plant equipment 8787 7083 
Miscellaneous plant equipment 4006 4006 
Heat rejection system 4659 0 
Intermediate heat exchanger 0 9800 
Primary circulator 0 5775 
IHX circulator 0 3850 
Reactor process ducting 0 5439 
Total direct costs 112 655 99 319 
Indirect costs: 
Construction services 11 851 10 448 
Home office engr. and services 3628 3198 
Field office engr. and services 4044 3566 
Owner’s cost 19 715 17 381 
Total indirect costs 39 238 34 593 
Base construction cost 151 893 133 911 
Contingency 7595 6696 
Overnight plant  159 488 140 607 
Construction cost: 
Interest during construction 18 437 16 254 
Total capital investment 177 925 156 861 
MW(e) @33% efficieny 113  
$/kW(e) @33% efficiency 1581  
MW-H2 @42% efficiency  139 
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$/kW-H2 @42% efficiency  1126 

 

3.6.3. Hydrogen costs 

The estimated the capital and operating costs of the nuclear plant and the chemical plant are 
shown in Table 22 which include cost of H2-PBMR and S–I plant. The plant availability is 
assumed at 90% and the hydrogen production efficiency is considered at conservative value of 
at 33%. Both the nuclear reactor and chemical plant are capital intensive so the hydrogen cost 
is a strong function of interest rates. The table presents results for 10.5%, 12.5% and 16.5% 
capital recovery factors. 

TABLE 22. COST OF HYDROGEN WITH TWO 268 MW(th) PBMR AND S–I PROCESS PLANT 

Capital recovery factor 0.105 0.125 0.165 

Water cost ($/m3) 1.57 1.57 1.57 

Annual single reactor capital cost (k$) 16 013 19 063 25 163 

Annual chemical plant capital cost (k$) 16 079 19 142 25 267 

Annual single reactor O&M cost (k$) 3686 3686 3686 

Annual chemical plant O&M cost (k$) 11 613 11 613 11 613 

Annual single reactor fuel cycle cost (k$) 9283 9283 9283 

Annual water cost (k$) 675 675 675 

Total annual cost of two reactors and  
one S–I plant (k$) 

86 330 95 493 113 819 

Total annual hydrogen production (t) 12 551 12 551 12 551 

Cost ($/kg) 6.88 7.61 9.07 

 

3.7. Conclusions 

The US Department Energy and EPRI based nuclear hydrogen generation cost estimation 
methodology were reviewed. These cost estimates utilized the existing technology for reactor 
cost and the hydrogen generation. An economic analysis was performed for hydrogen 
production with S–I cycle coupled to PBMR 268 MW standard reactor. The analysis indicated 
that two 268 MW(e) PBMR reactors are needed to generate 670 mole/s hydrogen that require 
heat and the process equipment electricity. The hydrogen cost estimated is 6.88 $/kg for 10.5% 
capital recovery. The cost of hydrogen is high compared to HEEP based calculations which are 
in the range of 2–4 $/kg. It is clear from these analysis is that the capital cost for chemical plant 
is comparable to the nuclear plant which is in contrast to the HEEP results which indicate that 
the capital cost of hydrogen plants are small fraction of nuclear reactor capital cost. It should 
be noted that the detailed calculations on cost of the chemical process equipment performed by 
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ASPEN economic analysis takes into account more realistic equipment and labor costs. On the 
other hand HEEP does not provide detailed equipment cost and hence may not represent 
realistic hydrogen plant capital cost. Also the conservative assumption of 33% hydrogen 
production efficiency reflects high hydrogen generation rate. If the efficiency of the hydrogen 
production is 45% as estimated by the JAEA, the cost of hydrogen reduces by 30%. 

 

4. ECONOMIC ANALYSIS OF NUCLEAR HYDROGEN PRODUCTION USING HEEP — 
IAEA GENERIC CASES AND COUNTRY SPECIFIC CASES FOR BENCHMARK 

4.1. Introduction 

In this chapter three generic cases developed by various participating countries have been 
considered for economic analysis of hydrogen generation with a nuclear plant. The Hydrogen 
Economic Evaluation Program (HEEP) developed under auspices of International Atomic 
Energy Agency (IAEA) was used for this analysis study. The software could be used to analyze 
the economics of the four most promising processes for hydrogen production: low and high 
temperature electrolysis such as high temperature steam electrolysis (HTSE), thermochemical 
processes including S–I process, conventional electrolysis (CE) and steam reforming. The 
HEEP models are based on some economic and technical data, and on cost modeling which 
include various aspects of hydrogen economy including storage, transport and distribution with 
options to eliminate or include specific details as required by the users. 

4.2. Test cases 

4.2.1. IAEA generic cases 

In the last progress report five IAEA developed generic cases were studied. The cases included 
hydrogen production using nuclear plant electricity or heat with conventional electrolysis (CE), 
high temperature steam electrolysis (HTSE) or sulfur–iodine (S–I) cycle is performed using 
HEEP software. The following five generic cases were supplied with HEEP: 

Case_1_APWR_CE_4kgs-1; 

Case_2_APWR_CE_8kgs-1; 

Case_3_APWR_CE_12kgs-1; 

Case_4_HTGR_HTSE_4kgs-1; 

Case_5_HTGR_IS_4kgs-1 

The respective H2 production rates and technology components for the generic cases are shown 
in Table 23. Each case analyzes hydrogen production with nuclear power with the shown 
combinations and types of reactor, hydrogen production method, storage and transportation. 
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TABLE 23. THE GENERIC CASES SUPPLIED WITH HEEP 

Case H2 production 
rate (kg/s) 

Nuclear 
reactor type 

Hydrogen 
production 
method 

Storage Transpor 
tation 

1 4 APWR Conventional 
electrolysis 

Compressed 
gas 

Pipeline 

2 8 APWR Conventional 
electrolysis 

Compressed 
gas 

Pipeline 

3 12.43 AP-1000 
(APWR) 

Conventional 
electrolysis 

Compressed 
gas 

Pipeline 

4 4 HTGR High temp. 
electrolysis 

Compressed 
gas 

Pipeline 

5 4 HTGR S–I process 
thermochem. 

Compressed 
gas 

Pipeline 

 

In the previous year’s report the transportation and storage were not considered in the economic 
analysis. So these IAEA generic cases were again studied using economic assumptions given 
in Table 24. 

 

TABLE 24. STANDARD ECONOMIC ASSUMPTIONS FOR THE FIVE GENERIC CASE STUDIES 

Parameter Value 

Currency US $ (2010) 

Inflation rate 9% 

Total tax rate 38.9% 

Return on Equity 10% 

Equity:Debt ratio 100%:0 

Plant lifetime 40 years 

Property insurance 2% 

Cost of demineralized water 0.001442 $/L (H2A feedstock list) 

Cost of additionally purchased electricity 0.06 $/kWh 
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4.2.2. Country specific cases 

Benchmark cases that were developed by participating countries, China, Japan, Germany and 
Canada respectively were provided for economic analysis. Table 25 shows the cases for China, 
Japan and Germany as Case 1, 2 and 3 respectively. 

TABLE 25. COUNTRY SPECIFIC CASES 

Case Reactor – H2 plant Description Hydrogen 
generation 
rate (kg/s) 

1 HTR-Modul + SMR High temperature reactor and steam–methane 
reformation 

1.87 

2 GTHTR300C + S–I Gas turbine high temperature reactor and 
sulfur–iodine thermochemical process 

0.58 

3 HTR-PM + S–I Pebble bed modular reactor sulfur–iodine 
thermochemical process 

1.36 

 
The details case for Canada is given in Table 26. The Canada cases has four cases using 
EC6/CANDU6 nuclear reactor for hydrogen generation with thermochemical processes; S–I 
cycle, HyS Cycle, 3 step Cu–Cl cycle and 5-step Cu–Cl cycle. The HEEP input files for these 
case studies were provided and were used in the benchmark calculations. 

4.3. Preparation 

The HEEP code and the user manual were downloaded from the IAEA web site: 
http://www.iaea.org/NuclearPower/HEEP/. As a preparation for running the benchmark cases, 
the HEEP was installed on a PC and several inbuilt cases of nuclear reactor and hydrogen 
production methods were run as practice. For the electrolysis hydrogen generation such as for 
CE and HTSE, the reactor thermal power is used first to generate electricity with approximately 
33% efficiency. The resulting electricity is then used in production of hydrogen. In case of 
hydrogen production based on S–I cycle, the thermal energy of the reactor is used directly to 
generate hydrogen. There is additional electricity required for the S–I cycle plant. 

4.4. Input for HEEP 

The input for test case 1, 2 and 3 are similar except that the reactor power is higher and hence 
are higher hydrogen production rates from cases 1 to 3. For these cases the reactor electricity 
generation rate is a given data and hence using 33% conversion the nuclear plant thermal power 
was calculated and was used as input to the code. For case 4 thermal power is given and it was 
converted to electric power based on sample cases given for HTGR case with HEEP. For case 
5 reactor thermal power is given and this was directly used and the electricity generated as was 
assumed to be zero. 

For all cases since two units of reactors were used for providing electricity two corresponding 
units of hydrogen plants were used. The capitol cost, fuel costs and O&M cost were divided 
equally between each plant unit. In order to provide the input for nuclear fuel cost as per kg, 
the fuel mass was first calculated using the example cases with HEEP. Then given data for the 
fuel cost was divided by the total fuel mass to obtain fuel cost per kg of the fuel. The O&M cost 
was converted into percent of capitol cost for HEEP input. The hydrogen production given as 
kg/s was converted to annual generation rate kg/year as required for the HEEP input. 
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TABLE 26. COUNTRY SPECIFIC CASES 

Two units of 2048 MW(th) EC6/CANDU6 nuclear power plant 
Nuclear power plant 
Thermal rating (MW(th)/unit) 2084 2084 2084 2084 
Heat for H2 plant (MW(th)/unit) 2084 1161.38 960.60 948.22 
Electricity rating (MW (e)/unit) - 330 401.62 406.04 
Capacity factor (%) 90 90 90 90 
Availability factor (%) 100 100 100 100 
Thermal efficiency (%) 35.75 35.75 35.75 35.75 
Number of units 2 2 2 2 
Initial fuel load (kg/unit) 87 552 87 552 87 552 87 552 
Annual fuel feed (kg/unit) 126 000 126 000 126 000 126 000 
Capital cost (M$/unit) 2000 2000 2000 2000 
Electricity generation capital cost (%) 10 10 10 10 
Fuel cost ($/kg) 137.2 137.2 137.2 137.2 
O&M cost (%) 4.21 4.21 4.21 4.21 
Decommi ssioning cost (%) 14.75 14.75 14.75 14.75 
Hydrogen generation plant 
Hydrogen generation technology S–I HyS Cu–Cl  

(3-step) 
Cu–Cl  
(5-step) 

H2 generation rate (kg/a/unit) 4.68×108 4.52×108 3.93×108 3.98×108 
Heat consumption (MW(th)/unit) 4000 2322 1921.2 1896.44 
Electricity consumption (MW(e)/unit) - 660 803.24 812.08 
Heat to hydrogen efficiency (%) 50.6 48.8 42.4 43.0 
Number of units 1 1 1 1 
Capital cost (M$/unit) 1189 719 841 827 
O&M cost (%) 7.0 6.8 7.0 7.0 
Decommi ssioning cost (%) 10 10 10 10 
Capacity factor (%) 90 90 90 90 
Availability factor (%) 100 100 100 100 
Chronological specifications (years) 
Construction 6 6 6 6 
Operation 30 30 30 30 
Cooling before decomm issioning - - - - 
Decommissioning 50 50 50 50 
Refurbishment 0 0 0 0 
Spent fuel cooling 7 7 7 7 
Waste cooling - - - - 
Financial details 
Discount rate (%) 2 2 2 2 
Inflation rate (%)  2 2 2 2 
Equity:Debt (%) 50:50 50:50 50:50 50:50 
Borrowing interest (%) 7 7 7 7 
Tax rate (%) 30 30 30 30 
Depreciation period (a) 30 30 30 30 

 



 

412 

 

4.5. Results of calculations and discussion 

4.5.1. IAEA generic cases 

In Table 27, the results on the costs of the hydrogen per kg generated for each reactor and 
hydrogen generation method are summarized. The table shows the hydrogen production cost 
breakdown between nuclear plant and hydrogen plant. The details of the HEEP output are given 
in Appendices A–E. 

Over comparison of the cost of hydrogen production shows that the light water reactor based 
hydrogen generation price is higher than the high temperature reactor based hydrogen 
generation. The main reasons for this are twofold. One is the conversion efficiency of heat into 
electricity losses about 67% of energy due to 33% conversion efficiency of the thermal power 
to electricity by Rankine cycle. Second is the low conversion efficiency of the conventional 
electrolysis. 

TABLE 27. RESULTS OF HYDROGEN PRODUCTION COST FOR IAEA FIVE GENERIC CASES 

Case 1 2 3 4 5 

Reactor + H2 generation method APWR + 
CE 

APWR + 
CE 

APWR + 
CE 

HTGR + 
HTSE 

HTGR + 
HTSE 

H2 generation rate (kg/s) 4 8 12.43 4 4 

Cost ($) from nuclear plant on H2  
per kg 

2.89 2.04 1.68 1.13 1.24 

Cost ($) from hydrogen plant on H2 
per kg 

1.39 1.45 1.44 0.91 0.47 

Cost ($) from hydrogen storage  
per kg 

0.03 0.09 0.08 0.04 0.10 

Cost ($) from hydrogen 
transportation per kg 

0.08 0.07 0.07 0.06 0.08 

Total cost ($) of hydrogen per kg 4.39 3.65 3.27 2.14 1.89 

 

Comparing cases 1–3, it is found that the larger the nuclear plant (APWR) size is, the lower the 
hydrogen production cost. This is mainly due to the relative high equity prices (associated with 
capital investment) with small sized APWR. The fuel and O&M prices are small compared to 
the equity price. 

Comparing cases 1 and 4 where both use electricity to produce hydrogen, the HTGR-HTSE is 
superior in terms of hydrogen production cost. The main reason here is that the equity price for 
the HTGR is much lower than that of APWR plant. Also, the conversion efficiency of HTSE 
process is higher than the CE process. 

When case 4 and 5 are compared the HTGR-IS method of hydrogen production gives lower 
price compared to the HTGR-HTSE method. The reason for this is that for HTGR-IS direct 
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thermal energy of reactor is used without converting it to electricity and thereby saving capital 
investment. This is reflected on the lower equity price of the reactor in HTGR-IS compared to 
reactor in HTGR-HTSE. 

In all above calculations the discount rate was considered as 0 as it was not provided. However 
a sensitivity study was conducted for case 5 of HTGR-HTSE with 4 kg/s H2 production with 
different discount rates. In Table 28, the effect of discount rate is shown for rates from 0% to 
20%, which shows the increased cost of hydrogen with discount rate. 

 

TABLE 28. EFFECT OF DISCOUNT RATE OF HYDROGEN PRODUCTION COST 

Discount rate (%) 0 5 10 15 20 

Cost ($) from nuclear plant on H2 per kg 1.24 1.42 2.07 3.00 4.07 

Cost ($) from hydrogen plant on H2 per kg 0.47 0.56 0.91 1.41 1.99 

Cost ($) from hydrogen storage per kg 0.10 0.14 0.23 0.35 0.48 

Cost ($) from hydrogen transportation per kg 0.08 0.09 0.10 0.10 0.10 

Total cost ($) of hydrogen per kg 1.89 2.21 3.31 4.86 6.64 

 

4.5.2. Country case studies 

The results of the calculation on the hydrogen generation cost for these three country specific 
cases summarized in Table 29, where all costs are shown in dollar values. The details of the 
HEEP output for cases included in Table 29 are given in Appendices F–H. 

As shown in Table 29, for Case 1, the cost of the hydrogen generation with European HTR and 
steam reformation is highest at 9.58 $/kg of hydrogen. As given input for this case 1 did not 
include hydrogen plant capital cost. So in modified case 1*, 100 M€ = 127 M$ was considered 
for the hydrogen plant capital cost. The results show the cost of the hydrogen is further increased 
to 11.22 $/kg. Cases 2 and 3 did not include transportation and storage cost. For Case 2, 
GTHTR300C-IS, the cost of hydrogen is lowest at 2.6 $/kg. With storage and pipe 
transportation this cost rises to 3.29 $/kg. Similarly without and with storage and transportation 
cost for Case 3, HTR-PM-IS, the hydrogen production costs are 3.78 $/kg and 4.39 $/kg, 
respectively.  

In Table 30 the results of the HEEP calculations are shown for Canada four cases. In these 
calculations the storage and transportation were not considered except for last case 4#. The 
hydrogen cost per kg is less than 4 $ for hydrogen produced with S–I cycle and HyS cycle. The 
CuCl cycle cost are higher where 3-step Cu–Cl cycles shows a cost of 4.53 $ and 5-step Cu–Cl 
cycle shows a cost of 4.4 $ for kg of hydrogen. 
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TABLE 29. RESULTS OF HYDROGEN PRODUCTION COST FOR GERMANY, JAPAN, AND 
CHINA CASES 

Case 1 1* 2 2# 3 3# 

Reactor + H2 generation 
method 

HTR-
Modul  
+ SMR 

HTR-
Modul  
+ SMR 

GTHTR 
300C  
+ S–I 

GTHTR 
300C  
+ S–I 

HTR-PM  
+ S–I 

HTR-PM  
+ S–I 

H2 generation rate (kg/s) 1.87 1.87 0.58 0.58 1.36 1.36 

Cost ($) from nuclear plant 
on H2 per kg 

8.63 9.82 1.20 1.21 2.87 2.87 

Cost ($) from hydrogen 
plant on H2 per kg 

0.19 0.63 1.40 1.40 0.91 0.91 

Cost ($) from hydrogen 
storage per kg 

0.52 0.52 0 0.22 0 0.33 

Cost ($) from hydrogen 
transportation per kg 

0.24 0.24 0 0.36 0 0.28 

Total cost ($) of hydrogen 
per kg 

9.58 11.22 2.60 3.19 3.78 4.39 

* With capital cost towards hydrogen plant of 100 M€ = 127 M$ 
# With storage and transportation cost (default) 

 

TABLE 30. RESULTS OF HYDROGEN PRODUCTION COST FOR CANADA CASES 

Case 1 2 3 4 4# 

Reactor +  
H2 generation method 

EC6 +  
S–I 

EC6 +  
HyS 

EC6 +  
Cu–Cl(3) 

EC6 +  
Cu–Cl(5) 

EC6 +  
Cu–Cl(5) 

H2 generation rate (kg/a) 4.68E+08 4.52E+08 3.93E+08 3.98E+08 3.98E+08 

Cost ($) from nuclear plant on 
H2 per kg 

3.10 3.35 3.85 3.74 3.74 

Cost ($) from hydrogen plant 
on H2 per kg 

0.81 0.50 0.68 0.66 0.66 

Cost ($) from hydrogen 
storage per kg 

0 0 0 0 0.23 

Cost ($) from hydrogen 
transportation per kg 

0 0 0 0 0.16 

Total cost ($) of hydrogen per 
kg 

3.91 3.85 4.53 4.40 4.79 

# With storage and transportation cost (default) 

4.6. Conclusions 

Economic analysis was carried out using HEEP for IAEA five generic cases and four country 
specific cases for Germany, Japan, China and Canada for benchmark exercise. The inputs for 
these test cases were facilitated by IAEA and were directly used as HEEP input decks. The 
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cases are studied which show that the capital cost of the reactor impacts the hydrogen cost much 
more than hydrogen plant. The transportation and storage cost amount to small fraction of the 
total hydrogen generation cost. The economic assumptions such as discount rate, tax rates are 
important as they determine overall increase in hydrogen generation cost. 

The exercise provided good insight in to the key sensitive parameters that impact the cost of 
the hydrogen production. The HEEP is very good tool to make reasonable cost estimation in 
the design and development of hydrogen production plant driven by nuclear heat and or 
electricity. 
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APPENDIX A: CASE 1: APWR AND CE HYDROGEN PRODUCTION RATE 4 KG/S 

TABLE A1. FINANCE DETAILS (USING ‘NOMINAL’ RATES) 

Discount rate 0% 

Inflation rate 1.9% 

Equity / Debt 100% / 0% 

Borrowing interest 10% 

Tax rate 38.9% 

 

TABLE A2. TIME PERIODS (YEARS) 

Construction 5 

Operation 40 
 

TABLE A3. NUCLEAR POWER PLANT DETAILS 

Thermal rating 1200 MW(th)/unit 

Heat for H2 plant 90 MW(th)/unit 

Electricity rating 359.5 MW(e)/unit 

Number of units 2 

Initial fuel load 54 000 kg/unit 

Annual fuel feed 18 000 kg/unit 

Capital cost 3.16E+9 US $/unit 

Electricity generating infrastructure 5 % of CC 

Fuel cost 1942 US $/kg 

O&M cost 1.6624 % of CC 

Decommissioning cost 2.8 % of CC 

 

TABLE A4. HYDROGEN GENERATION PLANT DETAILS 

H2 generation per unit 6.31E+7 kg/a 

Heat consumption 90 MW(th)/unit 

Electricity required 350 MW(e)/unit 

Number of units 2 

Capital cost 4.22E+8 US $/kg of H2 

Energy usage cost 0. US $ 

Other O&M cost 3.999 % of CC 

Decommissioning cost 10 % of CC 
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TABLE A5. HYDROGEN STORAGE DETAILS 

Storage capacity 1.21E+6 kg 

Compressor cooling water 3.75E+5 L/h 

Electricity requirement 1.65E+4 kW(e) 

Capital cost 1.52E+8 US $ 

Compressor operating cost 6.57E+3 US $ 

Other O&M cost 3.999 % of CC 

Decommissioning cost 10 % of CC 

 

TABLE A6. HYDROGEN TRANSPORTATION DETAILS 

Distance for transport 200 km 

Capital cost 1.47E+8 US $ 

Electricity charges  4.71E+6 US $ 

Other O&M cost 0 % of CC 

Decommissioning cost 0 % of CC 

 

 

 

 

Nuclear power plant 2.89 US $ [65.93%] 

Hydrogen generation plant 1.39 US $ [31.71%] 

Hydrogen transportation 0.08 US $ [1.82%] 

Hydrogen storage 0.03 US $ [0.59%] 

FIG. A1. Cost breakup for hydrogen production, case 1. 
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APPENDIX B: CASE 2: APWR AND CE HYDROGEN PRODUCTION RATE 8 
KG/S 

TABLE B1. FINANCE DETAILS (USING ‘NOMINAL’ RATES) 

Discount rate 0% 

Inflation rate 1.9% 

Equity / Debt 100% / 0% 

Borrowing interest 10% 

Tax rate 38.9% 
 

TABLE B2. TIME PERIODS (YEARS) 

Construction 5 

Operation 40 
 

TABLE B3. NUCLEAR POWER PLANT DETAILS 

Thermal rating 2290 MW(th)/unit 

Heat for H2 plant 180 MW(th)/unit 

Electricity rating 718.911 MW(e)/unit 

Number of units 2 

Initial fuel load 54 000 kg/unit 

Annual fuel feed 36 000 kg/unit 

Capital cost 4.66E+9 US $/unit 

Electricity generating infrastructure 5 % of CC 

Fuel cost 1433.33 US $/kg 

O&M cost 1.6624 % of CC 

Decommissioning cost 2.8 % of CC 

 

TABLE B4. HYDROGEN GENERATION PLANT DETAILS 

H2 generation per unit 1.26E+8 kg/a 

Heat consumption 90 MW(th)/unit 

Electricity required 719 MW(e)/unit 

Number of units 2 

Capital cost 8.45E+8 US $/kg of H2 

Energy usage cost 0. US $ 

Other O&M cost 4 % of CC 

Decommissioning cost 10 % of CC 
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TABLE B5. HYDROGEN STORAGE DETAILS 

Storage capacity 2.42E+6 kg 

Compressor cooling water 7.48E+5 L/h 

Electricity requirement 3.29E+4 kW(e) 

Capital cost 1.52E+8 US $ 

Compressor operating cost 1.73E+7 US $ 

Other O&M cost 0 % of CC 

Decommissioning cost 0 % of CC 

 

 

TABLE B6. HYDROGEN TRANSPORTATION DETAILS 

Distance for transport 200 km 

Capital cost 2.12E+8 US $ 

Electricity charges  1.21E+7 US $ 

Other O&M cost 0 % of CC 

Decommissioning cost 0 % of CC 

 

 

 

 

Nuclear power plant 2.04 US $ [56.12%] 

Hydrogen generation plant 1.45 US $ [39.7%] 

Hydrogen transportation 0.07 US $ [1.87%] 

Hydrogen storage 0.09 US $ [2.36%] 

FIG. B1. Cost breakup for hydrogen production case 2. 
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APPENDIX C: CASE 3: APWR AND CE HYDROGEN PRODUCTION RATE 12.43 
KG/S 

TABLE C1. FINANCE DETAILS (USING ‘NOMINAL’ RATES) 

Discount rate 0% 

Inflation rate 1.9% 

Equity / Debt 100% / 0% 

Borrowing interest 10% 

Tax rate 38.9% 
 

TABLE C2. TIME PERIODS (YEARS) 

Construction 5 

Operation 40 
 

TABLE C3. NUCLEAR POWER PLANT DETAILS 

Thermal rating 3450 MW(th)/unit 

Heat for H2 plant 90 MW(th)/unit 

Electricity rating 1116.864 MW(e)/unit 

Number of units 2 

Initial fuel load 162 000 kg/unit 

Annual fuel feed 54 000 kg/unit 

Capital cost 5.65E+9 US $/unit 

Electricity generating infrastructure 5 % of CC 

Fuel cost 1224 US $/kg 

O&M cost 1.66 % of CC 

Decommissioning cost 2.8 % of CC 
 

TABLE C4. HYDROGEN GENERATION PLANT DETAILS 

H2 generation per unit 1.96E+8 kg/a 

Heat consumption 90 MW(th)/unit 

Electricity required 1117 MW(e)/unit 

Number of units 2 

Capital cost 1.31E+9 US $/kg of H2 

Energy usage cost 0. US $ 

Other O&M cost 3.999 % of CC 

Decommissioning cost 10 % of CC 
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TABLE C5. HYDROGEN STORAGE DETAILS 

Storage capacity 3.76E+6 kg 

Compressor cooling water 1.16E+6 L/h 

Electricity requirement 5.12E+4 kW(e) 

Capital cost 1.52E+8 US $ 

Compressor operating cost 2.69E+7 US $ 

Other O&M cost 0 % of CC 

Decommissioning cost 0 % of CC 

 

 

TABLE C6. HYDROGEN TRANSPORTATION DETAILS 

Distance for transport 200 km 

Capital cost 2.77E+8 US $ 

Electricity charges  1.88E+7 US $ 

Other O&M cost 0 % of CC 

Decommissioning cost 0 % of CC 

 

 

 

 

Nuclear power plant 1.68 US $ [51.54%] 

Hydrogen generation plant 1.44 US $ [44.07%] 

Hydrogen transportation 0.07 US $ [2.00%] 

Hydrogen storage 0.08 US $ [ 2.44%] 

FIG. C1. Cost breakup for hydrogen production, case 3. 
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APPENDIX D: CASE 4: HTGR AND HTSE HYDROGEN PRODUCTION RATE 4 
KG/S 

TABLE D1. FINANCE DETAILS (USING ‘NOMINAL’ RATES) 

Discount rate 0% 

Inflation rate 1.9% 

Equity / Debt 100% / 0% 

Borrowing interest 0% 

Tax rate 38.9% 
 

TABLE D2. TIME PERIODS (YEARS) 

Construction 3 

Operation 40 
 

TABLE D3. NUCLEAR POWER PLANT DETAILS 

Thermal rating 509.3 MW(th)/unit 

Heat for H2 plant 90 MW(th)/unit 

Electricity rating 209.9854 MW(e)/unit 

Number of units 2 

Initial fuel load 25 000 kg/unit 

Annual fuel feed 25 000 kg/unit 

Capital cost 4.02E+8 US $/unit 

Electricity generating infrastructure 15 % of CC 

Fuel cost 1529 US $/kg 

O&M cost 4.75 % of CC 

Decommissioning cost 11.68 % of CC 
 

TABLE D4. HYDROGEN GENERATION PLANT DETAILS 

H2 generation per unit 6.31E+7 kg/a 

Heat consumption 90 MW(th)/unit 

Electricity required 200 MW(e)/unit 

Number of units 2 

Capital cost 4.59E+8 US $/kg of H2 

Energy usage cost 0. US $ 

Other O&M cost 17.238 % of CC 

Decommissioning cost 10 % of CC 
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TABLE D5. HYDROGEN STORAGE DETAILS 

Storage capacity 1.21E+6 kg 

Compressor cooling water 3.75E+5 L/h 

Electricity requirement 1.65E+4 kW(e) 

Capital cost 1.52E+8 US $ 

Compressor operating cost 6.57E+3 US $ 

Other O&M cost 0 % of CC 

Decommissioning cost 0 % of CC 

 

TABLE D6. HYDROGEN TRANSPORTATION DETAILS 

Distance for transport 200 km 

Capital cost 1.47E+8 US $ 

Electricity charges  4.2E+6 US $ 

Other O&M cost 0 % of CC 

Decommissioning cost 0 % of CC 

 

 

 

Nuclear power plant 1.13 US $ [52.91%] 

Hydrogen generation plant 0.91 US $ [42.57%] 

Hydrogen transportation 0.06 US $ [2.92%] 

Hydrogen storage 0.04 US $ [1.66%] 

FIG. D1. Cost breakup for hydrogen production, case 4. 
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APPENDIX E: CASE 5: HTGR AND S–I HYDROGEN PRODUCTION RATE 4 KG/S 

TABLE E1. FINANCE DETAILS (USING ‘NOMINAL’ RATES) 

Discount rate 0% 

Inflation rate 1.9% 

Equity / Debt 100% / 0% 

Borrowing interest 0% 

Tax rate 38.9% 
 

TABLE E2. TIME PERIODS (YEARS) 

Construction 3 

Operation 40 

 

TABLE E3. NUCLEAR POWER PLANT DETAILS 

Thermal rating 630.7 MW(th)/unit 

Heat for H2 plant 630 MW(th)/unit 

Electricity rating 0 MW(e)/unit 

Number of units 2 

Initial fuel load 100 000 kg/unit 

Annual fuel feed 100 000 kg/unit 

Capital cost 6.05E+8 US $/unit 

Electricity generating infrastructure 0 % of CC 

Fuel cost 349 US $/kg 

O&M cost 1.815 % of CC 

Decommissioning cost 8.347 % of CC 
 

TABLE E4. HYDROGEN GENERATION PLANT DETAILS 

H2 generation per unit 6.31E+7 kg/a 

Heat consumption 630 MW(th)/unit 

Electricity required 0 MW(e)/unit 

Number of units 2 

Capital cost 3.33E+8 US $/kg of H2 

Energy usage cost 0. US $ 

Other O&M cost 6.66 % of CC 

Decommissioning cost 10 % of CC 
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TABLE E5. HYDROGEN STORAGE DETAILS 

Storage capacity 1.21E+6 kg 

Compressor cooling water 3.75E+5 L/h 

Electricity requirement 1.65E+4 kW(e) 

Capital cost 1.52E+8 US $ 

Compressor operating cost 8.67E+6 US $ 

Other O&M cost 0 % of CC 

Decommissioning cost 0 % of CC 

 

TABLE E6. HYDROGEN TRANSPORTATION DETAILS 

Distance for transport 200 km 

Capital cost 1.47E+8 US $ 

Electricity charges  6.03E+6 US $ 

Other O&M cost 0 % of CC 

Decommissioning cost 0 % of CC 

 

 

 

Nuclear power plant 1.24 US $ [65.76%] 

Hydrogen generation plant 0.47 US $ [24.72%] 

Hydrogen transportation 0.08 US $ [4.07%] 

Hydrogen storage 0.10 US $ [5.51%] 

FIG. E1. Cost breakup for hydrogen production, case 5. 
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APPENDIX F: NEW GENERIC CASE 1: HTR-MODUL AND SMR 
HYDROGEN PRODUCTION RATE 1.87 KG/S 

TABLE F1. FINANCE DETAILS (USING ‘NOMINAL’ RATES) 

Discount rate 10% 

Inflation rate 2.1% 

Equity / Debt 100% / 0% 

Borrowing interest 3.85% 

Tax rate 23.8% 
 

TABLE F2. TIME PERIODS (YEARS) 

Construction 3 

Operation 40 
 

TABLE F3. NUCLEAR POWER PLANT DETAILS 

Thermal rating 170 MW(th)/unit 

Heat for H2 plant 65.3 MW(th)/unit 

Electricity rating 21.29598 MW(e)/unit 

Number of units 2 

Initial fuel load 2396 kg/unit 

Annual fuel feed 767 kg/unit 

Capital cost 1.3E+9 US $/unit 

Electricity generating infrastructure 10 % of CC 

Fuel cost 18 300 US $/kg 

O&M cost 5.797101 % of CC 

Decommissioning cost 2.5 % of CC 
 

TABLE F4. HYDROGEN GENERATION PLANT DETAILS 

H2 generation per unit 5.9E+7 kg/a 

Heat consumption 65.3 MW(th)/unit 

Electricity required 33 MW(e)/unit 

Number of units 1 

Capital cost 0 US $/kg of H2 

Energy usage cost 9.08E+6 US $ 

Other O&M cost 7.78 % of CC 

Decommissioning cost 10 % of CC 
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TABLE F5. HYDROGEN STORAGE DETAILS 

Storage capacity 1.13E+6 kg 

Compressor cooling water 3.5E+5 L/h 

Electricity requirement 1.54E+4 kW(e) 

Capital cost 1.52E+8 € 

Compressor operating cost 3.07E+6 € 

Other O&M cost 2 % of CC 

Decommissioning cost 10 % of CC 
 

TABLE F6. HYDROGEN TRANSPORTATION DETAILS 

Distance for transport 200 km 

Capital cost 1.43E+8 € 

Electricity charges  5.64E+6 € 

Other O&M cost 0 % of CC 

Decommissioning cost 0 % of CC 

 

 

 

Nuclear power plant 6.82 € [90.07%] 

Hydrogen generation plant 0.15 € [2.03%] 

Hydrogen transportation 0.19 € [2.57%] 

Hydrogen storage 0.41 € [5.38%] 

FIG. F1. Cost breakup for H2 production without capital cost for H2 plant, new generic case 1. 

 

Figure F2 shows the calculations with Euro100M=$127M for hydrogen plant 

 

 

Nuclear power plant 7.76 € [87.65%] 

Hydrogen generation plant 0.50 € [5.60%] 

Hydrogen transportation 0.19 € [2.20%] 

Hydrogen storage 0.41 € [4.60%] 

FIG. F2. Cost breakup for H2 production with capital cost for H2 plant, new generic case 1. 
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APPENDIX G: NEW GENERIC CASE 2: GTHTR300C AND IS HYDROGEN 
PRODUCTION RATE 0.58 KG/S 

 

TABLE G1. FINANCE DETAILS (USING ‘NOMINAL’ RATES) 

Discount rate 5% 

Inflation rate 0% 

Equity / Debt 0% / 100% 

Borrowing interest 5% 

Tax rate 0% 
 

TABLE G2. TIME PERIODS (YEARS) 

Construction 3 

Operation 40 

 

TABLE G3. NUCLEAR POWER PLANT DETAILS 

Thermal rating 600 MW(th)/unit 

Heat for H2 plant 170 MW(th)/unit 

Electricity rating 202.014 MW(e)/unit 

Number of units 1 

Initial fuel load 7090 kg/unit 

Annual fuel feed 1773 kg/unit 

Capital cost 5.47E+8 US $/unit 

Electricity generating infrastructure 66 % of CC 

Fuel cost 5800 US $/kg 

O&M cost 3.81 % of CC 

Decommissioning cost 10 % of CC 

 

TABLE G4. HYDROGEN GENERATION PLANT DETAILS 

H2 generation per unit 1.83E+7 kg/a 

Heat consumption 170 MW(th)/unit 

Electricity required 23 MW(e)/unit 

Number of units 1 

Capital cost 1.86E+8 US $/kg of H2 

Energy usage cost 0. US $ 

Other O&M cost 5.46 % of CC 

Decommissioning cost 10 % of CC 
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TABLE G5. HYDROGEN STORAGE DETAILS 

Storage capacity 3.51E+5 kg 

Compressor cooling water 1.09E+5 L/h 

Electricity requirement 4.78E+3 kW(e) 

Capital cost 5.65E+7 US $ 

Compressor operating cost 1.9E+3 US $ 

Other O&M cost 0 % of CC 

Decommissioning cost 0 % of CC 

 

 

TABLE G6. HYDROGEN TRANSPORTATION DETAILS 

Distance for transport 200 km 

Capital cost 9.23E+7 US $ 

Electricity charges  4.71E+6 US $ 

Other O&M cost 0 % of CC 

Decommissioning cost 0 % of CC 

 

 

 

Nuclear power plant 1.20 US $ [37.76%] 

Hydrogen generation plant 1.40 US $ [44.00%] 

Hydrogen transportation 0.36 US $ [11.34%] 

Hydrogen storage 0.22 US $ [6.95%] 

FIG. G1. Cost breakup for hydrogen production, new generic case 2. 
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APPENDIX H: NEW GENERIC CASE 3: HTR-PM AND S–I HYDROGEN 
PRODUCTION RATE 1.36 KG/S 

 

TABLE H1. FINANCE DETAILS (USING ‘NOMINAL’ RATES) 

Discount rate 5% 

Inflation rate 1% 

Equity / Debt 70% / 30% 

Borrowing interest 10% 

Tax rate 10% 

 
TABLE H2. TIME PERIODS (YEARS) 

Construction 3 

Operation 40 
 

TABLE H3. NUCLEAR POWER PLANT DETAILS 

Thermal rating 250 MW(th)/unit 

Heat for H2 plant 230 MW(th)/unit 

Electricity rating 0 MW(e)/unit 

Number of units 2 

Initial fuel load 5900 kg/unit 

Annual fuel feed 1500 kg/unit 

Capital cost 5.0E+8 US $/unit 

Electricity generating infrastructure 0% 

Fuel cost 4800 US $/kg 

O&M cost 3.81 % of CC 

Decommissioning cost 8 % of CC 
 

TABLE H4. HYDROGEN GENERATION PLANT DETAILS 

H2 generation per unit 4.3E+7 kg/a 

Heat consumption 450 MW(th)/unit 

Electricity required 20 MW(e)/unit 

Number of units 1 

Capital cost 2.0E+8 US $/kg of H2 

Energy usage cost 1.05E+7 US $ 

Other O&M cost 5.46 % of CC 

Decommissioning cost 10 % of CC 
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TABLE H5. HYDROGEN STORAGE DETAILS 

Storage capacity 8.25E+5 kg 

Compressor cooling water 2.55E+5 L/h 

Electricity requirement 1.12E+4 kW(e) 

Capital cost 1.12E+8 US $ 

Compressor operating cost 5.91E+6 US $ 

Other O&M cost 0 % of CC 

Decommissioning cost 0 % of CC 

 

TABLE H6. HYDROGEN TRANSPORTATION DETAILS 

Distance for transport 200 km 

Capital cost 1.24E+8 US $ 

Electricity charges  4.11E+6 US $ 

Other O&M cost 0 % of CC 

Decommissioning cost 0 % of CC 

 

 

 

Nuclear power plant 2.87 US $ [65.43%] 

Hydrogen generation plant 0.91 US $ [20.70%] 

Hydrogen transportation 0.28 US $ [6.34%] 

Hydrogen storage 0.33 US $ [7.57%] 

FIG. H1. Cost breakup for hydrogen production, new generic case 3. 
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