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Abstract

In this paper, a thermodynamic analysis of a Sulfur-Iodine thermochemical hydrogen production 
cycle was performed. At first, a new heat exchanger network configuration was designed by means 
a heuristic method. Then, an exergy and anergy analysis was carried out in order to analyze the 
thermal efficiency of the proposed heat exchanger network compared to the reference case. With 
this study, a reduction of the energy inputs of the process was achieved; being 58.59% for cooling 
and 52.31% for heating, both lower than the reference case. Regarding the exergy and anergy 
calculations for the new heat exchanger configuration, the calculated exergy was 365.202 
MJ/Kmol-H2 with an anergy of 187.66 MJ/Kmol-H2, being the latest lower than that for the 
reference case 338.97 MJ/Kmol-H2. This means that less energy it is being wasted improving the 
thermal efficiency of the cycle and reducing the plant operational cost.

1. INTRODUCTION

Hydrogen is chemical element widely used in the chemical and petrochemical industry to 
produce a wide variety of goods and services. In addition, it is considered as a clean energy 
carrier alternative and it is expected to play an important role in the transportation sector because 
when it is burnt in an engine water is the only by-product, helping to reduce the greenhouse gas 
emissions (GHG) [1, 2]. Although, hydrogen is the most abundant element in the universe, it 
cannot be found in a free state over the earth crust, so it needs to be manufactured. Its 
environmental impact is strongly dependent on the production method. About 96% of hydrogen 
production comes from fossil fuels i.e. steam reforming and cracking of natural gas, 
unfortunately both methods led to CO2 production that causes a negative impact on the 
environment [3].

Nuclear power is a carbon-free energy base-load that has a high efficiency and capacity to 
produce electricity, reason why it is an alternative option to fossil power plants. A study showed 
that a coal power plant emits about 1 kg-CO2 per kWh produced and a gas power plant emits 400 
g-CO2 per kWh, meanwhile a nuclear power plant showed practically zero CO2 emissions [4]. 
This makes the nuclear power a suitable option to produce hydrogen efficiently with a low CO2 

emission. Additionally, the nuclear power can increase its profitability and competitiveness when 
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it is integrated to a thermochemical, electrochemical or hybrid hydrogen cycles, which also 
increases its attractiveness for more investors [1].

According to this, the main aim of this paper was to reduce the energy utilization of a Sulfur
Iodine (S-I) thermochemical cycle improving its thermal efficiency by means a new heat 
exchanger network (HXN) configuration. In addition, to provide technical information that can 
be applied in any other thermal process.

2. THERMOCHEMICAL SULFUR-IODINE CYCLE

Hydrogen production by direct water decomposition can be performed at very high temperature, 
about 4310 K [5]. Then, in 1960s thermochemical cycles were proposed to produce hydrogen 
from water at lower temperature than direct decomposition by combining some endothermic and 
exothermic chemical reactions [6]. Although there are different thermochemical cycles, the 
Sulfur-Iodine cycle is one of the most studied methods to produce hydrogen coupled to a nuclear 
reactor [7].

It can be said that a thermochemical S-I cycle transforms nuclear energy into hydrogen which is 
an energy carrier. This is achieved by the following general reactions [5].

The Bunsen reaction is an exothermic reaction that proceeds at relatively low temperature ~373 
K, as follows:

I2(l) + SO2(g) + 2H2Ü(g) 2HI(aq) + H2SO4(aq) (1)

The second reaction is an endothermic H2SO4 decomposition reaction, which proceeds in two 
steps at different temperatures: reaction (2) proceeds between 673-773 K and reaction (3) 
between 1073-1123 K. These temperatures can be supplied by a High Temperature Gas Reactor 
(HTGR).

H2SO4(aq) SO3(g) + H,O(g) (2)

SO3(g) SO2(g) + 2 O2(g) (3)

Finally, the third general reaction is an endothermic HI dissociation that proceeds at 723 K, as 
follows:

2HI(aq) H2(g) + I2(g) (4)

The reactions 1, 2 and 4 are the general chemical reactions of the cycle. All the products and by
products are recycled, being water and heat the only inputs of the process, as is depicted in Figure 
1.
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Figure 1. Schematic description of the S-I process [8]
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Although some conceptual reactor designs were proposed since 1960s, especially by the USA, 
Germany and United Kingdome [9], nowadays, there are several reactor concepts around the 
world that are intended for hydrogen production and co-generation applications, such as: the 
VHTR: Very High Temperature Reactor (USA), the HTGR: High Temperature Reactor (France), 
the HTGR-10: High Temperature Gas Reactor (China), the PBMR: Pebble Bed Modular Reactor 
(South Africa), the VHT: Very High Temperature reactor (Korea) and the HTTR: High 
Temperature engineering Test Reactor (Japan). They are part of the new generation of nuclear 
power reactors [10].

3. PLANT OVERVIEW AND CASE DESCRIPTION

The S-I cycle selected for this study was adopted from [11]. This cycle is coupled to the HTTR 
reactor, which can provide 1223 K of outlet temperature suitable for the endothermic 
decomposition of H2SO4.

The HTTR is a 30 MWth graphite-moderated reactor cooled by helium. The core is formed by 30 
prismatic fuel columns with 16 pairs of control rods. The core is surrounded by permanent and 
removable reflectors as seen in Figure 2. The active core is 2.9 m in height and 2.3 m in diameter 
with power density of 2.5 MW/cm3 [12, 13].

The reactor reached its first criticality in November 1998, some safety and control tests were 
performed in September 1999 and December 2001. In 2004 the maximum coolant temperature 
was reached (~950°C). The reactor is intended not only for hydrogen production but also to 
provide experimental information for the HTGRs technology development [14].

Regarding the chemical plant, the process can be described as follows: the exothermic Bunsen 
reaction proceeds in reactor R3 and non-miscible products (hydrogen iodide and sulfuric acid) are 
separated in separator S2. The sulfuric acid dissociation presented in reaction (2) takes place in 
reactors R1 and R2, respectively. In this step the chemical equilibrium conditions at reaction 
temperature are taken into account, in which the SO3 is considered as a new specie in the system
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and it is decomposed in reactor R2. Finally, the production of H2 and I2 presented in reaction (4)
is performed in reactor R4. The full plant diagram adopted from [11] is shown in Figure 3.
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Figure 2. Axial and radial view of the HTTR reactor core and main components [14]

NR: Nuclear Reactor; T1: Storage Tank H2SO4-H2O: HXNR: Heat Exchangers Nuclear Reactor; 
HX: Heat Exchangers; R1: H2SO4 Decomposer Reactor; R2: SO2 Decomposer Catalytic Reactor;
R3: Bunsen Reactor; R4: HI Decomposer Reactor; S1: H2SO4-(SO2+O2) Separator; S2: Oxygen 
Gas Separator; S3: Liquid-Liquid Phase Gas Separator; P1: HIX Purifier; DC1: H2SO4 Column 

Distillation; DC2: HI distillation Column.
Figure 3. S-I thermochemical hydrogen production cycle [11]

The mass balance and operating conditions of the whole process are presented in see Table I. The 
mass balance was made to produce 1 kmol/s of hydrogen.
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Table I. Mass balance and operating conditions of the S-I process [11]
Stream

No
Phase Pressure 

(bar)
Temperature

(K) H2SO4*4H2O i H2O
Molar flow (kmol/s)

H2SO4 SO3 SO2 O2 I2 HI H2
1 Liq 1 393 1.000
2 Liq 1 393 1.000
3 Liq 1 503 1.000
4 Gas 1 503 4.000
5 Liq 1 503 1.000
6 Gas 1 1123 1.000
7 Gas 1 393 4.000
8 Gas 1 1123 1.000 0.171 0.829 0.415
9 Gas 1 1148 1.000 0.171 0.829 0.415
10 Gas 1 1148 1.000 1.000 0.500
11 Gas 1 393 1.000 1.000 0.500
12 Gas 1 393 0.500
13 Liq 1 298 1.000
14 Gas 1 298 0.500
15 Liq 1 316.7 1.000
16 Gas 1 393 1.000
17 Liq 1 393 1.000 10.000 8.000 2.000
18 Gas 1 393 10.000 8.000 2.000
19 Gas 1 393 10.000 2.000
20 Liq 1 393 8.000
21 Liq 1 353 10.000 2.000
22 Gas 1 353 2.000
23 Liq 1 353 10.000
24 Gas 1 393 10.000
25 Gas 1 873 2.000
26 Gas 1 873 1.000 6.000 1.000
27 Gas/Liq 1 450 1.000 6.000 1.000
28 Gas/Liq 1 450 1.000 6.000
29 Gas 1 450 6.000
30 Liq 1 450 1.000
31 Liq 1 293 1.000
32 Gas 1 450 1.000
33 Gas 1 298 1.000

4. METHODOLOGY

In order to perform the thermodynamic assessment, two tasks were carried out: at first the energy 
integration was performed with the aim of redesign the heat exchanger network. After, the exergy 
and anergy values of the new HXN were calculated and compared to the reference case reported 
in [11].

4.1 Heat Integration

The main aim of the heat integration is to take advantage of the hot and cold streams in a process, 
in order to reduce the use of external cooling and heating services (utilities). Since 1970s, some 
methods based on heuristic rules were developed to optimize heat exchanger networks.

The synthesis method was proposed by Rudd et al., in 1973 [15]. They stablished a methodology 
based on some heuristics to design heat exchanger networks that meets the energy requirements 
at a lowest cost. The method consists of plotting the heat content of each stream which helps to 
assign the heat exchanges among the hot and cold streams to design the heat recovery system.
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The heuristics are as follows:

• At first, a minimum difference temperature (ATmin) has to be set up. This parameter is 
essential to design a heat exchanger network because it must exist a temperature 
difference in a heat exchanger to provide the best ratio among utility cost and devise cost; 
normally a ATmin between 10-20 K is used.

• Once the ATmin is stablished, the first heat exchange will be between the hot stream with 
the highest temperature and the cold stream with the highest hot temperature. This is 
repeated until possible [15].

The use of a minimum difference temperature lower than 10 K increases the heat transfer area 
leading to a higher investment cost. Hence, in this work a conservative ATmin of 20 K was used to 
design the heat exchanger network. The results are presented in Section 5.

The thermal properties of the hot and cold streams involved in a heat exchange process in the 
reference S-I cycle are shown in Table II.

Cold streams

Table II. Thermal properties of hot and cold streams of the S-I process
ID Tin

(K)
Tout
(K)

Pressure 
(bar)

WCp 
(kJ/h*K)

Q 
(kJ/h)

Hot streams
HX1 503 393 1 5.003E+05 5.503E+07
HX2 1148 393 1 3.781E+05 2.855E+08
HX4 393 353 1 2.188E+06 8.751E+07
HX6 873 450 1 4.305E+05 1.821E+08
HX7 450 393 1 2.864E+05 1.632E+07
HX8 450 298 1 1.039E+05 1.579E+07

HXNR1 393 503 1 1.518E+06 1.670E+08
HXNR2 503 1123 1 5.361E+05 3.324E+08
HXNR3 1123 1148 1 4.265E+05 1.066E+07
HXNR4 353 873 1 2.215E+05 1.152E+08

HX3 316.7 393 1 1.972E+05 1.505E+07
HX5 353 393 1 1.978E+06 7.910E+07

In Table II, it can be seen that hot stream needs to be cooled down and cold stream needs to be 
heated. In the reference case the use of helium and water are used as the utilities for heating and 
cooling, respectively.

4.2 Exergy and Anergy Calculations

The exergy (E) is a thermodynamic property used to determine the potential of useful work of a 
given amount of energy in some specific state and it is useful to evaluate the quality of the energy 
available. The rest of the energy that cannot be used is discarded as wasted energy; this energy is 
referred as anergy (A) [11].

Hence, at any specific state, the exergy is calculated as follows:
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E =h +Ts (5)

Where E is the exergy of the substance, h is the specific enthalpy, s is the specific entropy and 
T is the temperature of the substance. This equation was applied to each stream at inlet and 
outlet conditions. Then, the exergy difference was computed as shown in Equation 6.

AE = (h¿ - h0) - To(s - 50) (6)
Where AE is the change of exergy of a stream in the heat exchanger devise, h is the specific 
enthalpy, S is the entropy, ith is the specific point of the cycle and the subscript 0 is the 
reference ambient condition [4, 16]. On the other hand, the global anergy of each heat exchanger 
was obtained as shown in Equation 7. This is the energy than cannot be used and it is lost due to 
the irreversibilities of the process.

AA= AE1 + AE2 (7)

Where subscript 1 and 2 refers to the stream 1 and 2 in the heat exchanger. The exergy and 
anergy calculations were performed for each plant component, e.g. coolers, heaters, chemical 
reactors, separators and distillation columns. But only the exergy and anergy generated in the 
heat exchanger network was compared in this paper due to the main aim of this works was to 
evaluate the new heat exchanger network obtained by the synthesis method. The rest of the 
process components did not undergo any change.

5. RESULTS AND DISCUSSION

Based on the thermodynamic properties presented in Table II, the heat exchanger network 
designed by means the synthesis method is as follows: at first, the stream HX2 has the highest hot 
temperature 1148 K then it can exchange heat with the stream HXNR4 that has highest hot 
temperature of cold streams, 873 K. The HXNR4 fulfilled its energy requirement leading a 
remaining HX2' stream with a remaining outlet temperature T' and heat Q' equals to 843.39 K 
and 1.703E+08 kJ/h, respectively.

Second, the new highest hot temperature of hot streams is 873 K from stream HX6, this was used 
to heat up the HXNR1 stream from 393 K to 503 K; the result was a remaining HX6' stream with 
485.16 K temperature and 1.514E+07 kJ/h of energy.

The third exchange was the remaining HX2' with 843.39 K and stream HX5 with a hot 
temperature of 393 K. The stream HX5 was completely integrated leading a remaining HX2'' 
with 634.20 K of outlet temperature and 9.121E+07 kJ/h of energy. Although, the streams HX5 
and HX3 have the same hot temperature (393 K), the HX5 has the highest energy requirement 
(7.910E+07 kJ/h), hence it is chosen first.

Finally, the last heat exchange was between the streams HX2'' and HX3. The energy requirement 
for HX3 was fulfilled and the stream HX2'' has a new outlet temperature of 594.40 K with a 
remaining energy of 7.616E+07 kJ/h, that has to be supplied by an external cooling service to 
cool it down up to 393 K.
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The before mentioned resulted in the addition of four new heat exchangers: A, B, C and D. The 
energy requirements of the new heat exchanger network are presented in Table III.

Table III. Synthetized heat exchanger network
Heat Streams Tin Tout Q T' Q'

Exchanger ID (K) (K) (kJ/h) (K) (kJ/h)
A HX2 1148 393 2.855E+08 843.39 1.703E+08

HXNR4 873 353 1.152E+08 fulfilled fulfilled
B HX6 873 450 1.821E+08 485.16 1.514E+07

HXNR1 393 503 1.670E+08 fulfilled fulfilled
C HX2' 843.39 393 1.703E+08 634.20 9.121E+07

HX5 353 393 7.910E+07 fulfilled fulfilled
D HX2'' 634.20 393 9.121E+07 594.40 7.616E+07

HX3 316.7 393 1.505E+07 fulfilled fulfilled

The streams HXNR2 and HXNR3 presented in Table II that are part of the cold streams of the 
cycle, could not be integrated because there was not enough energy from hot streams to heat them 
up. Any exchange with any hot stream would have incurred in penalties of the second law of 
thermodynamics. Hence, both streams must to be heated by an external source of heat; in this 
case, with the heat generated by the nuclear reactor with and energy requirement of 3.324E+08 
kJ/h for HXNR2 and 1.066E+07 kJ/h for HXNR3.

Otherwise, the energy target for cooling that resulted from the synthesis method is about 
2.660E+08 kJ/h. This energy is the cumulative energy requirement for cooling down the streams 
HX1, HX2'', HX4, HX6', HX7 and HX8, previously presented in Table III. Compared to the 
reference heat exchanger design, the synthesis method reduced the utilities for cooling and 
heating, respectively. The energy required for cooling was 6.423E+08 kJ/h for the reference case 
and the energy required by means the synthesis method is 2.660E+08 kJ/h, that is 58.59% lower 
than the reference case. Regarding the energy for heating, the reference requirement was 
7.194E+08 kJ/h and the new value is 3.430E+08 kJ/h, which means 52.31% of reduction, see 
Table IV.

Table IV. Energy targets comparison
Utility Reference 

design (kJ/h)
Synthesis 

method (kJ/h)
Difference (%)

Cooling 6.423E+08 2.660E+08 58.59
Heating 7.194E+08 3.430E+08 52.31

The grid diagram of the proposed heat exchanger network can be seen in Figure 4; the red circles 
represent the heaters, the blue ones represent the coolers and grey circles are the proposed heat 
exchanger obtained by the synthesis method, each heat exchanger has its own energy duty in 
kJ/h.

In Figure 5, the reference heat exchanger network is presented. It can be observed how each 
stream is supplied by an external service for heating and cooling, respectively. The red circles 
represent the heaters, the blue ones represent the coolers.
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Figure 4. Proposed heat exchanger network
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Figure 5. Reference heat exchanger network

Regarding the exergy and anergy change for the synthetized heat exchanger network proposed in 
this work, the absolute values were calculated for each heat exchanger, but some of them had no 
changes compared to the reference case since they were not integrated, such as; HXNR2, 
HXNR3, HX1, HX4, HX7 and HX8, as it can be seen in the upper part of Table V. Moreover, the 
bottom data, represent the new heat exchangers due to the heat integration. The majority of them 
are dedicated to cool down the stream HX2, from 1148 K up to 393 K as it was shown 
previously.

10 Memorias en formato digital, 2020



XXXI Congreso Anual de la Sociedad Nuclear Mexicana
30 Años de Nucleoelectricidad en México

Zacatecas, Zacatecas, del 15 al 18 de noviembre, 2020

The total exergy and anergy obtained for the new heat exchanger network are 365.202 MJ/Kmol- 
H2 and 187.66 MJ/Kmol-H2, respectively. These values are lower than that reported in [11] for 
the reference heat exchanger network, being 584.18 MJ/Kmol-H2 for exergy and 338.97 
MJ/Kmol-H2 for anergy. This means that less energy is being wasted with the new heat 
exchangers configuration.

Table V. Exergy and anergy changed for the synthetized heat exchanger network
Heat exchanger Exergy change

(MJ/Kmol-H2)
Anergy change 
(MJ/Kmol-H2)

HXNR2/He
Not integrated heat exchangers

81.95 10.57
HXNR3/He 2.19 0.30
HX1/H2O 5.06 3.86
HX4/H2O 87.16 39.81
HX7/H2O 1.32 0.92
HX8/H2O 0.84 0.49

HX2/HXN4
Integrated heat exchangers

24.52 9.105
HX2/HX3 11.09 6.835
HX2/HX5 86.87 73.51

HX6/HXNR1 56.54 41.14
HX2/H2O 7.662 1.120

Total absolute 365.202 187.66

6. CONCLUSIONS

In this work an energy integration of a S-I thermochemical water splitting cycle was performed 
along with an exergy and anergy calculations.

The heat exchanger network was successfully synthetized by a heuristic method. A reduction of 
the hot and cold utilities was achieved, being 58.59% for cooling and 52.31% for heating, 
compared to the reference design. Most of the new heat exchangers are devoted to cool down the 
stream HX2 which has the highest temperature difference of all the process streams (1149 K to 
393 K). A lower ATmin of 10 K was also analyzed leading the same result than that obtained for a 
ATmin of 20 K. Because the lower the ATmin the greater the area of the heat exchanger and 
therefore the cost, a conservative ATmin of 20 K is enough for this study.

On the other hand, the new heat exchanger network configuration led a reduction of the anergy 
compared to the reference case. The new anergy value was 187.66 MJ/Kmol-H2 which is 44.63% 
lower than that obtained for the reference case 338.97 MJ/Kmol-H2, this means that less energy it 
is been wasted.
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With this study an enhanced energy utilization of the S-I thermochemical cycle was achieved. In 
addition, the reduction of the hot and cold utilities also reduced the plant operational cost which 
is good in terms of profitability and environment, especially because less cooling water in 
needed.

As a future work, the dimensioning of the proposed heat exchangers will be performed in order to 
evaluate the technical and economic feasibility of the new heat exchanger configuration. The 
Logarithmic Mean Temperature Difference (LMTD) method is a suitable tool to determine the 
area of such heat exchangers. In addition, the dynamic modelling of the HTTR reactor coupled 
with the chemical plant is being performed by means the object-oriented programming. The main 
aim is to develop a computational tool suitable to analyze the dynamics of the whole S-I 
thermochemical cycle and explore the possibility of any other co-generation application, e.g. 
electricity, water desalination, other industrial application.
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