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FOREWORD

This document is a report on the net energy analysis of nuclear power and other electricity
generation systems.

The main objectives of this document are:
to provide a comprehensive review of the state of knowledge on net energy analysis of nuclear
and other energy systems for electricity generation,
to address traditional questions such as whether nuclear power is a net energy producer or not.

In addition, the work in progress on a renewed application of the net energy analysis method
to environmental issues is also discussed. It is expected that this work could contribute to the overall
comparative assessment of different energy systems which is an ongoing activity at the IAEA.
In the light of these objectives in December 1992, three expert consultants to the IAEA prepared
summaries of selected studies on net energy analysis and related topics. The terminology,
methodology and results presented in this document vary considerably; even the basic terms such as
energy cost, energy investment, energy requirement, etc. have different nomenclature. In fact, there
have been so many studies since the mid-1970s that it is hardly possible to review all of them. In this
document, only selected work that the experts thought important is reviewed. Regarding nuclear
power in particular, the results of the studies reviewed have shown that nuclear power has a positive
energy balance and have led to other interesting findings.

The document was prepared in the Division of Nuclear Power by Y. Tatsuta, with contributions
from C. Weber (Germany), W. Sinke (Netherlands) and Y. Uchiyama (Japan).
Appreciation is expressed to all experts who contributed to the preparation of this document and
also to the Member States that sent experts to assist the IAEA in this work.

EDITORIAL NOTE
In preparing this document for press, staff of the IAEA have made up the pages from the
original manuscript (s). The views expressed do not necessarily reflect those of the governments of the
nominating Member States or of the nominating organizations.
The use of particular designations of countries or territories does not imply any judgement by
the publisher, the IAEA, as to the legal status of such countries or territories, of their authorities and
institutions or of the delimitation of their boundaries.
The mention of names of specific companies or products (whether or not indicated as registered)
does not imply any intention to infringe proprietary rights, nor should it be construed as an

endorsement or recommendation on the part of the IAEA.
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Chapter 1

BACKGROUND

The origin of net energy analysis might go back to an idea by Nobel prize winner Sir Frederick
Soddy suggesting that energy is a more fundamental unit of account than money. This idea was not
well received, but the idea of analyzing the economy in terms of energy was revived in the 1970s.
There were diverse origins, from the idea that dollars and energy flow along the same paths but in
opposite directions, to the study of the energy inputs to copper and aluminum production, recycling
and, most notably, nuclear power [26].
Despite these diverse interests, two distinct methodological approaches have been adopted: the
input/output (I/O) analysis, originally developed by Leontief for economics, and the process analysis.
The matrix form of the I/O approach allows to identify the flow of money and energy from one sector
of the economy to the other. The latter looks at an actual production process and tries to establish
its energy and material inputs and outputs. In most processes a number of the inputs are themselves
manufactured, which means that the analysis has to go back along the production chain, with feedback
loops often connecting each part of the chain to one or more of the other parts [26].
A growing number of energy analysis studies was completed during the 1970s and early 1980s.
Some of these studies had different objectives, which influenced the meaning and interpretation of
subsequent results. To a certain extent, the original conventions reflected the main concerns of the
time, which were related to fears of mineral resource depletion, and therefore they focussed on fossil
fuels. This partly explains the emphasis on primary energy in energy analysis. It further explains
the use of calorific values to measure energy since this enabled amounts of energy available from
different fossil fuels to be added together, thereby disregarding other differences between these fuels.
However, at the same time, energy analysis was being used in what was regarded as a more
significant role. Concern about apparent fossil fuel shortages had led to proposals to expand the use
of non-fossil sources of energy, such as nuclear power, and to develop new energy technologies,
mainly involving renewable sources of energy. In many cases, the conventional evaluation of these
technologies was thought to be inadequate mainly because their estimated costs were higher than the
current prices of fossil fuels energy. However, this approach was being increasingly seen as
unreliable, owing to uncertainty about future prices for fossil energy sources. Hence, it was argued
that an alternative means of evaluation was needed which avoided the problems. Energy analysis
seemed to offer this alternative because it was based entirely on physical properties which, unlike
economic measurements, are not prone to potentially erratic fluctuations resulting from the
unpredictable behavior of the market. In simple terms, energy analysis provided, by means of the
net energy requirement, a way of directly comparing the energy input into a new technology with its
energy output. Such assessment of the net energy balance was seen as the ultimate test of a new
energy technology. If a new technology consumed more energy than it produced, it would not
provide any useful contribution to energy supplies and could not be considered as a net energy
producer. Conversely, when energy was in short supply, if a new energy technology could achieve
a net energy requirement less than one, then it should be adopted for use even if the economic
evaluation of its prospects were found to be unfavorable [146].
However, such simple reasoning involves problems [146], especially when it comes to
comparing the energy input with the energy output. The theoretical comparison of the energy input
and output must, in practice, be carefully qualified. Although no immediate problem occurs when
performing the energy analysis of a technology which produces heat, difficulties arise for technologies
with other outputs, especially electricity and liquid fuels for transport. In the case of electricity, there

are sound thermodynamic reasons why one unit of energy in the form of heat cannot produce one unit
of energy in the form of electricity and hence, there is a fundamental flaw in the basis of the test that
the value of the net energy requirement should not exceed one. However, a more realistic conclusion
would be that net energy analysis does not provide results which can be interpreted as an absolute test

of viability in all circumstances. Rather, it provides results which can be used comparatively.
Additionally, it is possible to modify the basic data on fuel consumption which is incorporated into
energy analysis so that direct comparisons can be made between energy inputs and outputs.
Apart from these problems, the early development of energy analysis was also criticized from
the perspective of conventional economic theory [24]. The main criticism was that energy analysis
represents an attempt to promote an energy theory of value as a replacement for conventional
economic evaluation especially in terms of allocating resources with finite supply. However, most
energy analysts saw the technique as a useful complement to conventional economic evaluation.
Energy analysis can provide additional information on which to base decisions on energy resource
allocation. Furthermore, the combined use of energy analysis with economic evaluation can correct
implicit errors in the latter that can lead to the misallocation of resources. Estimating the likely future
costs of a new energy technology is an essential part of the decision making process. However, when
such evaluation takes place, assumptions about fuel prices are implicitly incorporated into the
calculations. This creates an anomaly in conventional economic evaluation. This fundamental
problem would have been foreseen by energy analysis and would have been resolved by combining
the results of this technique with conventional economic evaluation so that the correct advice about
the prospects for the new energy technology would be available to decision makers. In practice,
energy analysis has been used to identify potentially misleading conclusions from conventional
economic evaluation. Indeed, the technique became a legal requirement in the USA1.

The 1973 energy crisis led to studies on a close appraisal of how much energy is used in the
production of the various goods and services in our economic systems. In this context, since 1974
various studies on net energy analysis of nuclear power were carried out, which evaluated each phase
of the fuel cycle, including resource extraction, equipment manufacturing, facility construction,
facility operation, decommissioning and waste management. The results of these studies have, in
principle, shown that nuclear power has a positive energy balance, with a short tune for payback of
the energy initially invested. However, opponents of nuclear power still claim that, in the build-up
phase of a nuclear power programme, nuclear power requires more energy for its construction and
operation than it produces. More recently, as nuclear power has been considered an option for
reducing greenhouse gases (GHG), claims have also been made that nuclear power is a net producer,
rather than a net avoider, of GHG, at least during the build-up phase.
Traditional questions address whether:
(1)

nuclear power might require more energy for its construction, operation and relevant fuel cycle
activities than it produces in its lifetime,

(2)

during a rapid build-up phase, nuclear power might consume more fossil energy than that of
fossil fuelled power plants,

(3)

rapid succession of nuclear power plant construction in a short period might increase energy
requirements and GHG emissions, rather than to arrest the emissions.

The IAEA reviewed the state of knowledge on net energy analysis of nuclear and other energy
systems, in order to:

review past net energy analysis studies for nuclear, fossil and renewable energy chains for
electricity generation;
study the usefulness of any further work to improve, update or extend the work already carried
out, in particular to achieve harmonized energy balances for nuclear, fossil and renewable
energy chains for electricity generation.
1

Public Law 93-77, Federal Non-Nuclear Energy Research and Development Act of 1974, 42-USC5904, US Congress, Washington, DC, USA, 1974.

The relevance of net energy analysis is even more important at the moment, because there is
strong renewed interest in comparative assessment which focusses on the environmental aspects,
especially identifying the greenhouse impact of different energy systems. Such assessment relies on
energy data adopted for calculating total CO2 emissions, the results being used for assessing proposed
strategies for reducing global warming. Some work has already been undertaken on modifying the
net energy analysis as a means of quantifying the indirect as well as the direct release of CO2. To
accurately quantify and compare environmental emissions from energy technologies, each phase of
the fuel cycle, including resource extraction, facility construction and facility operation, must be
evaluated.
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Chapter 2
NET ENERGY ANALYSIS IN POWER GENERATION

2.1. CONCEPT OF NET ENERGY ANALYSIS [57, 64]

Net energy analysis has been applied to a number of important sectors of the economy. The
areas which have attracted an unusual amount of interest from energy analysts are food production,
transportation and energy conversion systems. Energy analysis is defined, in general, as the
computation and measurement of energy flows in society, and, in particular, as the quantification of
the volume of energy resources sequestered, directly and indirectly, in various commodities.
Net energy analysis is a subcomponent of energy analysis that examines energy conversion and
conservation technologies only and attempts to estimate the net energy 'payoff associated with each
technology.
Net energy analysis in power generation has been introduced as a feasible and practical
additional method for evaluating the engineering, economic and environmental aspects of power
generation systems. It compares total direct and indirect energy investment in construction and
operation of power plants with their lifetime energy output. Energy analysis in power generation is
a way of evaluating the relation between input energy and output energy, where input energy is an
aggregation of all necessary energies for power generation activities including different stages such
as construction of a power plant, fabrication and storage of fuels, and transportation of materials, and
output energy is an aggregation of energies produced during the life of the power plant. Here, the
net energy requirement does not include the energy content of the original source of energy.
The total amount of energy needed to make one unit of output from the system in question
equals the sum of both the direct and indirect energy inputs. This is referred to as the energy
requirement if the output is measured in physical terms, or as the energy intensity2 if the output is
measured in financial terms. When discussing the energy analysis of sources of energy it is
particularly important to distinguish between two other terms: the gross energy requirement, which
equals the sum of the direct and indirect energy used to provide one unit of output plus the energy
content of the original source of energy; and the net energy requirement, which indicates the amount
of energy from other sources required to obtain energy from the particular source in question. The
energy of labour in any form is usually excluded from energy analysis. Including the energy of
labour in the analysis would provide evaluation criteria on how effectively the power generation
system can produce electricity.
Net energy analysis is basically a unidimensional value assessment method in which the value
of all commodities are expressed in terms of their energy content rather than in terms of monetary
units. Net energy analysis represents a marked departure from multi-dimensional economic theories
and thus has limited applicability for present market-driven public policy decisions.
Taking a nuclear power plant for example, output energy is electricity and input energy is
energy needed for various stages such as construction, operation and maintenance of those facilities
such as the nuclear power plant, uranium enrichment facility, conversion facility and reprocessing
facility.
The net energy analysis approach can be modified for assessing the effectiveness of technology
options to reduce greenhouse gas emissions, in particular CO2.
In addition to performing a net energy analysis of a stand-alone power plant, it is necessary to
address the energy input/output of a time-dependent number of power plants and calculate the net
This refers to units of energy per unit of money.
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energy output for the entire system. This needs to be done in order to address the traditional
questions (2) and (3) raised in Chapter 1.
2.2. SCOPE OF THE WORK CONSIDERED

This study is limited to electricity generation technologies, which are fossil fuelled technologies
(large scale coal, oil and natural gas fired), nuclear power, and renewable energy systems (smallmedium hydro, geothermal, wind, wave, tidal, ocean thermal energy conversion (OTEC), solar
thermal, photovoltaic, and gasified biomass power plants). The scope of the analysis for each
technology option could be identified as shown in Figure 1. For nuclear power in particular, the
following two aspects need to be considered:
(a)

The complete nuclear fuel cycle with its four parts:

(i)
(ii)
(iii)
(iv)

front end of the nuclear fuel cycle;
nuclear power plant;
back end of the nuclear fuel cycle;
plutonium recycle.

In general, the plutonium recycle is assumed being part of the back end of the nuclear fuel
cycle. However, in many cases, the plutonium recycle is excluded from energy analysis
because:

(1)

The plutonium recycle system is not yet fully established and there is great difficulty in
making use of economic data on the cycle.

(2)

Plutonium recycle should be utilized under the condition that energy balance is good
enough through recycling. Therefore, it can be considered conservative to exclude
plutonium recycle from a total nuclear power generation system from the viewpoint of
net energy analysis.

The above is summarized in Figure 2.
(b)

Energy input and output on each level of the nuclear fuel cycle
Generally, net energy analysis covers the following energies and production activities, as shown

in Figure 3.
(i)

losses in energy conversion process (energy conversion efficiency, material losses during
fabrication process);

(ii)

direct input in the energy conversion processes (operation of energy conversion facilities,
input of materials/energy for transportation between facilities);

(iii)

first order of indirect input energy (input of materials/energy for construction of energy
conversion facilities and material transportation);

(iv)

second order of indirect input energy (decrement of production equipment directly used
as first indirect input, and input of materials/energy for operating its production
equipment).

Indirect energy input of third and higher order generally is often not counted, because the
amount of energy involved is deemed to be small.
13
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2.3. BASIC TERMS

The basic principle behind energy analysis is that energy is an essential input into all production
processes. Accordingly, all energy-requiring items associated with the energy investment or system
such as materials, transportation, construction, maintenance, etc., are converted into energy. These
are combined into factors such as energy ratio, harvest factor, or energy payback time.
14

Energy ratio

Energy ratio is a value of output energy divided by input energy, described as
R = EJE-,

where E0 is the total amount of energy produced by the system over its entire lifetime, and E; the total
amount of energy needed for construction and maintenance of the system (except the energy content
of fuel). An energy system operates efficiently if the energy ratio is greater than 1 (> 1); such a
system produces over its lifetime more energy than was required for its construction and operation.
Energy systems having a ratio below 1 operate rather inefficiently; such cases may occur in periods
of market entry of new and immature technologies, and should be overcome after a grace period.
To determine the amount of energy or electricity produced during the lifetime of the system,
some thoughts need to be devoted on how to consider energy (or electricity) use of the auxiliaries and
how to treat energy (or electricity) losses in the transportation (or transmission lines). This aspect
will be discussed in Section 2.4.
The energy input used for setting up a power generation system aggregates energy used for
exploration/mining/fabrication/transportation of fuel materials (e.g. for the nuclear power system, this
is the energy used for front-end activities), energy used for construction, operation and maintenance
of the power-generation-related facilities, and energy used for final treatment of the facilities (e.g. for
the nuclear power system, this is energy used for back-end activities).
Since the energy requirements are of two types (electrical and thermal), there remains the
problem of how to combine the two and compare this to the electrical output of the power plant. It
is found that there is no uniquely proper way to combine the thermal and electrical energy
requirements. Thus, four different meaningful energy ratios can be computed, each of which answers
a different question about the net energy ratio as indicated in the following [64].
(1) Rl = Fl X E0/(Ti + F2 X Ej)
where

E0: electrical output (kW- h);
E,: electrical input (kW- h);
Fl: thermal energy equivalent of electrical energy.
Fl is 860 kcal/kW- h (3600 kJ/kW- h);
T,: thermal input (kcal or kJ);
F2: conversion factor of thermal to electric energy units at power plants. This factor may
vary from about 2150 to 2450 kcal/kW- h (9000 to 10 300 kJ/kW- h), depending
on the efficiency of the conversion process.

Rl is defined as the electrical output divided by the total primary energy subsidy required to
produce that output. Rl indicates the electrical energy produced for each unit of fossil fuel energy
expended, if fossil fuels are used to produce the electrical energy inputs.
(2) R2 = Fl x E0/(T, + Fl X Ej)

R2 is simply the ratio of the energy output to the total energy subsidy required. This ratio
treats all energy as being equally desirable and indicates the energy gain for the power generation
system if all energy inputs are equally desirable.
(3) R3 = F2 x E0/(T, + F2 x Ej)

R3 is defined as the electrical output divided by the equivalent electrical input subsidy. If one
asks the question, "How much more electricity can be obtained by using an electrical power system
with a fossil fuel subsidy than would be obtained by generating electricity with this amount of fossil
fuel?", then this ratio is the best to use as the answer.
15
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(4) R4 = FI X (E0 - Ei)/T,

R4 is the net electrical output, that is, the electrical energy output of the power plant minus the
electrical energy input requirements, divided by the thermal energy requirements. This indicates the
amount of net electrical energy output from a power generation system per unit of fossil energy input.
Caution: the energy ratio can vary depending on which factor is used for conversion of
electricity into thermal energy. Whatever conversion factor is chosen, however, it is necessary that
it be applied consistently to all the electricity generation systems being compared.
Harvest factor
The harvest factor is defined as the ratio of net energy output and energy requirements,
including fuels, for an energy system,
HF = Wnet/ER = Fl X E0/(Tj + TF + F2 X Ej)

where Wnet is the net energy produced by an energy system during its lifetime and ER is the
cumulative energy use required for the construction of the system plus the energy content TF of the
fuels consumed during plant life.
Caution: the term 'harvest factor' is sometimes used for the 'energy ratio' as defined above.
Energy payback time
The energy payback time is defined as the time necessary for recuperating all the energy
consumed in the construction of an energy installation and for its operation during the assumed
lifespan of the installation3, or the length of time it takes the power plant to produce, once the plant
has started production, an amount of energy equal to the energy invested [12].
2.4. METHODOLOGIES

In energy analysis, results are totally dependent on the level of accuracy of energy input. In
general, two basic methodological approaches are used in energy analysis: energy input/output
analysis and energy process analysis. The 'energy input/output' technique was borrowed from
economic analysis and has been used to convert economic data on the inter-industry flow of materials
and commodities into estimates of the associated energy transfers (Figure 4). The 'energy process'
technique was borrowed from industrial engineering and has been used to convert engineering data

on production processes in a single plant or 'typical' conversion processes for an entire industry
(FigureS) [64].
Input/output analysis

Input/output analysis traces the flow of commodities and raw materials through the economy
to indicate the respective production of primary, intermediate and finished goods by a change in the
demand for final goods. The primary objective is to calculate the output and production levels in
various industries that would be required by different levels of demand for final goods and services.
The input/output analysis can be applied for a closed economic system where the output from a
particular industry or sector of the economy is equal to the sum of its inputs into the industries or
sectors, or it can be calculated for an open economic system where the output from a particular
industry or sector is equal to the sum of its inputs to other industries and sectors and its delivery of
goods and services to final demand [64].
WEC Energy Dictionary 1992, p. 126.
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Input/output matrix4

The economy can be described as an integrated system of flows or transfers from each
activity of production, consumption or distribution to each other activity. Each sector
absorbs the outputs from other sectors and itself produces commodities or services which are
in turn used up by other sectors, either for further processing or for final consumption. All
these flows or transfers are set out in a rectangular table — an input/output matrix. The way
in which the outputs of any industry spread out through the rest of the economy can be seen
from the elements making up the rows. Similarly, the origins of its inputs could be seen
directly from the elements of the appropriate column. Given such a structure, the
implications of a specific change in one part of the economy could be traced through to all
the elements in the system.

By input/output analysis, it is possible to trace the effects of a change in final demand, or
change in output, of one good or service, throughout its inter-industry linked relationships, so that
the knock-on effects on other industries may be measured. Thus, for a power generation system, it
is possible to estimate the knock-on effects on production in which industries are induced through
construction and operation of a power plant and fuel chain facilities. Based on the results in the
energy sector, the knock-on effects on energy consumption can be estimated by conversion through
a unit price of energy.

In practice, as shown in Figure 4, details of investments in construction, operation and other
relevant activities of a power plant and fuel cycle facilities are to be reclassified along the industry
sector classification. Multiplying by an inverse matrix of (7 - A)'1, where A is an input/output matrix
gives the knock-on effects on production in energy sectors. Input energy can then be calculated by
converting the monetary amount of production in energy sectors using unit price of energies.
There are a number of difficulties involved in using input/output matrix for energy analysis.
It is important to note, however, that many of the same problems exist when input/output analysis is
used in economic analysis. The most serious problem relates to the accuracy of the findings,
particularly when the input/output matrix is used as the basis for long-term predictions. Input/output
matrixes are generally not available until several years after the original data survey is completed, and
the matrix for the country economy is updated only on some period-of-year basis. In addition to the
outdated data, input/output matrixes are not easily adjusted for changes in either the input or output
mix as a result of technical changes or economies of scale in production and consumption processes.
Most energy analysis studies based on input/output analysis have not addressed the question of the
statistical accuracy of their empirical results, despite the obvious shortcomings in the area of that
prediction [64]. Other disadvantages [5] are: the I/O matrix cannot be broken down on the level of
individual companies but remains on aggregate levels, i.e. industrial groups. Furthermore the method
considers transactions in financial terms, not in terms of physical quantities. This can lead to errors
if commodities are liable to large price fluctuations or if some purchasers can obtain special prices
for the commodity.
The nuclear industry uses high-priced or high value-added equipment and materials, so that
input energy would be overestimated through calculations based on monetary data. Therefore the
energy ratio calculated from I/O analysis is deemed to be quite conservative compared to that
calculated through process analysis.

The Penguin Dictionary of Economics, 4th Ed., p. 243.
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Process analysis

Process analysis is a traditional tool of the industrial engineer, particularly in the base material
industries such as iron and steel, petrochemicals and aluminum. Process analysis focuses on a
particular type of energy conversion or conservation system, rather than focusing on an industry or
the entire economy as in energy input/output analysis. It is similar to the type of analysis an engineer
undertakes when measuring the energy efficiency of a particular industrial process, and involves three
steps. First, the analyst defines and identifies the network of inputs and outputs that are associated
with the particular conversion process. Usually, the information is summarized in a flow diagram
showing all direct and indirect inputs as well as all outputs. Second, an energy value is assigned to
each input and output so as to calculate the quantity of energy consumed, wasted and delivered by
each stage in the overall conversion process. Third, unless limited to a description of the material
flows only, the energy costs of all inputs are netted against the energy value of all outputs to
determine the energy intensity or efficiency of the particular conversion process.
The net energy calculations include the first-order effects of energy losses and energy inputs
into equipment and materials. These are the external direct and indirect energy inputs. The direct
effects are calculated through the use of process analysis, where the quantities of energy used for each
activity in the production process are determined. The indirect energy requirements are computed
through the use of an input/output model that relates each fuel-producing and fuel-consuming sector
to each other one [64], using statistical analysis to make a rough estimate.
19

Content of work and equipment
needed for power plant
construction

Classify weight/volume of equipment
and amount of work, by processes
Weight/volume of installations,
classified by production process;
Work amounts classified by
construction process

Integrate input energies,
classified by process

Input energy
classified by equipment
and work content

Add up total energies

Total amount of energy needed
for power plant construction

FIG. 5. Flow of process approach.
The process approach differs greatly from input/output analysis in that the first aggregates the
physical amounts of materials/resources such as equipments and raw materials used for construction
and operation of a power plant and relevant facilities throughout the stages in energy chain, while the
latter is based on monetary values.

The steps of a process approach are shown in Figure 6. Since process analysis involves tracing
the energy inputs to all the products and services on which a process depends, the work required for
this is very large in comparison with input/output analysis. Process analysis potentially can produce
very accurate, reliable and specific results, but in reality, the necessary data for materials/resources
are in many cases difficult to obtain which could lead to problems to adequately accumulate all
energies used. It should also be noted that the knock-on effects on productions are of about third
order or less, which is far below those of input/output analysis.
One problem related with the application of this method concerns the selection of appropriate
boundaries for the analysis. System boundaries influence the result of the analysis, and these
boundaries cannot be unconditionally determined even if goods and services for the analysis were
specified. It should be noted that there exists a large amount of freedom in determining the system
boundaries. A simplified boundary categorization cuts the issue into horizontal and vertical sets. The
horizontal set encompasses the energy production (transformation) processes from resource extraction
to point of distribution. The boundary of this set can be extended at the point of extraction to include
20

To estimate amount of material necessary
for construction and operation of plants

To estimate amount of energy directly used
for construction and operation of plants

All materials necessary for construction
and operation of relevant facilities for
electricity generation, including power
plant, ore mining, fuel fabrication, waste
management and other activities.

All energy directly used for construction and
operation of relevant facilities for electricity
generation, including power plant, ore
mining, fuel fabrication, waste management
and other activities.
(example)
electricity (kW«h)
gas, oil (kcal)

(example)
steel (tons)
concrete (tons)

To estimate energy consumption for each
unit of raw material
Estimate of input energy required to
produce one unit of each material.
(example)
steel (7,054 kcal/kg)
concrete (436 kcal/kg)

To calculate each input energy
(energy/unit)»(units of material)
Estimate energy relevant to materials by
multiplying energy consumption per unit
of each material times quantity of material.

To aggregate input energies
• electricity conversion into thermal energy
(e.g. 1 kW«h = 2,250 kcal)
• aggregation of energy directly used plus
energy used for producing materials

FIG. 6. Diagram of process approach.
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OUTPUT
ENERGY
Fuel & Materials
In energy analysis, the energy
content of the fuel or raw
materials should not be
counted as input energy.

t

INPUT
ENERGY

Power Plant Construction,
Operation, Decommissioning

Waste Disposal

Mining/milling
Conversion/Enrichment

Reprocessing

Reconversion/Fabrication

FIG.

7. Input and output energy in the nuclear power system.

the resource base that was not recovered during extraction. At the other end, the boundary can be
extended to incorporate the local distribution of energy and the energy losses in the end-use devices.
The vertical set centers around the direct energy inputs, either electrical or thermal, required to
execute a step in the horizontal set. The boundaries of the vertical set can be extended to include the
indirect external energy required for facility construction and the energy required to produce materials
directly employed in the processes. These items include the energy used in producing equipment and
materials (e.g. steel, paper, sulfuric acid) that are then used to build and operate an energy producing
plant, and the energy lost during process stages (e.g. scrap fuel, thermal conversion, transmission).
The vertical boundary can also be extended to include the energy embodied in the labor, ecosystem,
and organizational infrastructure necessary to support the energy production process at each stage
[43, 64].
Another problem relates to attaching the appropriate energy value to particular inputs. This
problem is crucial owing to the feedback interaction of energy cost. In most cases this only
contributes a small percentage to the final energy cost estimate. So, provided the final result is not
widely different from the starting value, it is only necessary to go around an interacting feedback loop
once.
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TABLE I. COMPARISON OF ENERGY ANALYSIS METHODS

Process analysis

Input/output analysis
Features

* Macroeconomic approach
* Top-down proceeding
* Complete energy accounting
* (Relatively) rapid calculations

* Engineering approach
* Bottom-up proceeding
* Accuracy
* Flexibility

Problems

- Sector averaging
- Value-based description of
material flows
- Treatment of imports
- Treatment of investments
- Time dependence of data
- Time lag for availability of data

-

Truncation error
Amount of data
Availability of data
Validity of data for average
processes
- Time dependence of data
- Regard on manufacturing
equipment

2.5. ISSUES OF NET ENERGY ANALYSIS OF POWER GENERATION SYSTEMS

Since thermal and electrical energy forms are involved in net energy analysis, the question is
how to equate thermal energy with its electrical equivalent, in particular in the case that electricity
is input as well as output of the selected technology.
A general factor for a quantity of thermal energy to an equivalent quantity of electrical energy
equates l kW- h to 860 kcal. But conversions between thermal and electrical energy depend on the
system being employed and the end uses of energy. In case of Japan, for example, 2250 kcal are
needed to produce l kW- h of electricity, implying a system efficiency of 38.2%. Depending on the
conversion factor applied, the energy ratio could vary up to a factor of 4, as shown in the illustration.
Moreover, discussions have just about exhausted the possibilities of the analysis approach without
discussions on how and why to apply conversion factors.

As will be mentioned later, these

conversion figures should be applied in a proper way in conformity with the purposes of the energy
analysis.
To complicate the matter even further, there are some other issues that need to be addressed;
for example, whether the auxiliary electricity consumed by a power plant itself should be considered
as an energy input or to be subtracted from the energy output. Even the value of the energy ratio is
filled with misleading parameters when discussing whether the result of energy analysis is good or
poor. Without agreed and clear terminology, appropriate to the purpose of the energy analysis, a
comparison of energy ratios is a questionable exercise.

As already indicated in the previous section, appropriate boundary conditions are a necessary
pre-requisite for net energy analysis. The energy flows in a power plant might be simplified as shown
in Figure 8, where input energy consists of energies used for construction, operation and maintenance
of power plants and other relevant facilities, while output energy summarizes electricity produced,
discharged heat and losses such as in-house electricity consumption and transmission. To compare
input and output energy flows in order to establish the energy ratio, these energy flows need to be
transformed into their thermal equivalent.
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(An illustration)
Input energy

Thermal energy (T)
Electricity (E,)
Electricity (E0)

Output energy

3 842 000 Gcal
2 705 GW- h
171 090 GW- h

(Reference: CANDU-reactor: Source: Policy Science Institute in 1978)
There can be four ways to convert electricity used and electricity produced into thermal
energy, and there is no consensus at present on which factor should be applied in net energy
analysis.
Electrical input is equated to the equivalent primary energy requirement by suppplying
the relation l kW- h = 2250 kcal, while for the electrical output the heat equivalent
(l kW- h = 860 kcal) is used. Hence, the energy ratio derives at:
Rl: Energy ratio

= 171 090 GW- h/[3 842 000 Gcal + 2705 GW- h]
= 171 090 x 860 Gcal/[3 842 000 + 2705 x 2250 Gcal]
= 14.8

Electrical input and output of the plant are equated to their thermal equivalents by
applying the relation l kW- h = 860 kcal. Hence, the energy ratio derives at:
R2: Energy ratio

= 171 090 GW- h/[3 842 000 Gcal + 2705 GW- h]

= 171 090 x 860 Gcal/[3 842 000 + 2705 X 860 Gcal]
= 23.8

Electrical input and output of the plant are equated to their equivalent primary energy
requirements by applying the relation l kW- h = 2250 kcal (Japanese case). Hence,
the energy ratio derives at:

R3: Energy ratio

= 171 090 GW- h/[3 842 000 Gcal + 2705 GW- h]
= 171 090 x 2250 Gcal/[3 842 000 + 2705 X 2 250 Gcal]
= 38.8

Net electrical output is equated to the heat equivalent, using the relation 1 kW.h =
860 kcal. Hence, the energy ratio derives at:
R4: Energy ratio

= [171 090 GW- h - 2705 GW- h]/3 842 000 Gcal
= 860 Gcal x [171 090 - 2705]/ 3 842 000 Gcal
= 37.7

Cautionary notes:
1.
2.
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Input energy usually excludes energy content of fuels. If included, ratios are deemed as 'energy
efficiency' rather than 'energy ratios'.
The energy ratio can vary, depending on which factor is used for conversion of electricity into
thermal energy equivalent. In order to compare different energy chains, it is essential to apply
consistently an appropriate conversion factor.

Input Energies
1
2
3

Electric
Power

Losses of Fuel
during transport,
fabrication, storage

Input Energy 1 :
Input Energy 2:
Input Energy 3:

Heat
Loss

V
In-Plant Loss,
Transmission
& Distribution
Losses

Energy used for construction, operation, maintenance
of mining, transportation and fabrication facilities
Energy used for power plant construction, operation
and maintenance
Energy used for power plant decommissioning and
for construction and operation of waste management
facilities

FIG. 8. Energy conversion system.

Energy Input for System
Construction, Operation &

Maintenance

Fuel
Input I

Energy
Conversion
System

Electricity
Output

Energy Loss
Energy Ratio = Electricity Output * Energy Input

e.g.

FIG.

= 1 kW'h output/2,250 kcal fuel input

9. Power plant as energy conversion system.
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10. Time dependency of energy balance (flow basis) in nuclear electricity generation.

Conversion factor of electricity in output energy
If the purpose of the energy analysis is to make a judgement as to whether the introduction of
a new power technology leads to more consumption or savings of fossil fuels than conventional power
generation system, the energy ratio should be defined as (electricity produced + loss energies)/(input
energy). In this case, evaluating output electricity using a conversion factor of l kW- h = e.g.
2250 kcal and taking the amount as output energy equals to (electricity produced + loss energies).
To determine whether an introduction of nuclear power system is energy-consuming or not, it
is considered plausible to take a conversion factor of electricity into thermal energy as (l kW- h =
e.g. 2250 kcal) both in input energy and in output energy. Therefore, conversion factor of electricity
into thermal energy would better be set in all cases at l kW- h = e.g. 2250 kcal.
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Chapter 3
SUMMARIES OF
SELECTED STUDIES ON NET ENERGY ANALYSIS

I.

Chapman, P.F., Leach, G., Slesser, M., "The Energy Cost of Fuels" (1974) [5]

(1)

Study overview

Scope

Fuels, i.e. coal, gas, coke, oil, electricity

Major Assumption's

statistical data on energy production
energy required for materials and equipments as deduced from a
preliminary analysis
energy cost for inputs of
fossil fuels: calorific value
nuclear energy: heat generated in the reactor
hydro-electricity: electricity output

Other Assumptions

attributing the energy inputs to different outputs of the same fuel industry
is done according to the calorific values of the outputs

Calculation
Methodology

solving a system of five equations

Major Results

overall efficiency of the whole energy sector is 68% in 1968; for the
different energy industries the following results apply [%]:
Coal Coke Gas
Oil
Electricity
1963
95.49 75.54 64.74 80.82 22.02
1968
95.99 84.71 71.92 88.21 23.85
1971/1972
95.5
88.0 81.1
89.6
25.2

Remarks

(2)

Comments

The overall efficiency of the UK energy industries was examined in the report. The energy
sector is divided in five fuel industries, namely coal mining, oil refining, coke production, gas
production and electricity generation. These industries are all interconnected, the oil refineries
supplying fuel to electricity generating stations which supply electricity to the oil refinery, etc. Thus
total (primary) energy requirements per unit of output ('energy cost') cannot be determined directly,
but a system of five equations stating the identity of the energy outputs with the energy costs of the
inputs for each fuel industry has to be resolved.

The energy required for the other inputs of the fuel industries, i.e. machines, transport and
materials, is "deduced by a preliminary analysis of the 1968 Census report" and also incorporated in
the above mentioned energy equations.
In the case of multiple energy outputs from one fuel industry, the attribution of energy inputs
to the outputs is done according to the calorific value of the outputs.
The results show that over 30% of the total energy consumption occurs in the fuel industries,
with a particularly low efficiency in the electricity production (less than 25% in 1968), much lower
than the value of 33% generally assumed by many authors. The low efficiency might be due to:
(1)

The average thermal efficiency of British power stations is less than 29% compared to the
efficiency of modern stations, which is about 35%.

(2)

Transmission losses of electricity amount to 7.5% in 1968, and a further 7.6% of the electricity
generated is used in electricity for offices, works, showrooms, etc.
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(3)

The present analysis incorporates the energy required for materials, equipment, etc., as well
as the energy costs of the fuels.

The energies required for various energy carriers as determined by Chapman et al. are given.
The energy input/output ratio for the electricity industry in 1968 was 4.192, compared to 3.97 in
1971/1972.
For the future the authors predict substantial rise in the energy required to produce one unit of
final use energy because of three factors:
(1)

Depletion of energy sources.

(2)

New energy technologies often involve fuel conversions such as gasification or liquefaction of
coal.

(3)

Depletion of sources of raw materials.
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II.

Chapman, P.F., "The Ins and Outs of Nuclear Power" (1974) [6]

(1)

Study overview

Scope

MAGNOX, SGHWR, PWR, AGR, CANDU, HTR

Major
Assumptions

only energy requirements for plant construction and fuel processing are
considered
two grades of uranium ore are considered: 0.3% and 0.007%
fuel phases considered are: mining, enrichment and fuel fabrication
load factor: 0.62
plant lifetime: 25 years

Other
Assumptions

electricity for first core is assumed to come from a fossil fuel power
station with an efficiency of 25%; electricity for refuelling comes from
the nuclear reactor
no further distinction is made between various forms of energy

Calculation
Methodology

Input/output methodology for energy requirements for construction
energy intensity of fuel cycle is evaluated according to the three process
steps enumerated above
Energy ratios

Major Results
Ore grade
0.3%
0.007%

MAGNOX SGHWR
PWR
AGR
CANDU
HTR
12-18
9-13 8-19
8-12
9-13
0.88-1.2
2.1-2.9
0.5-4.8 1.3-1.9 5-7.4
2.7-3.9

Remarks

(2)

Comments

The energy inputs are evaluated as thermal energy, except for the electricity requirements for
refuelling, which are assumed to be delivered by the reactor itself. The energy output is calculated
as electricity.
The value of the energy ratios depend heavily on the uranium ore grade. In the case of high
uranium ore grade, the differences between different reactor types are not significant.

The energy yield for nuclear reactor expansion programmes was investigated as well. At first,
a hypothetical example was examined assuming a system expansion by one nuclear reactor per year.
The reference reactor type was assumed to have an energy ratio of 10. Construction time is supposed
to be 5 years with an additional year with zero output and zero input before going on line. The net
power output in this case becomes positive eight years after the start-up of the nuclear programme,
whereas a net energy yield is obtained after 13 years (energy payback time). In the case of expansion
programmes with exponential growth, as often assumed, the energy pay-back time gets even longer.
The part of the energy output which is used for construction of supplementary reactors, depending
on the energy ratio and the doubling time, is presented. The report concluded that even if the
expansion programme yielded net energy output, it may require a substantial (unacceptable) part of
the total output for supplementary constructions. Thus, building up sufficient nuclear capacities to
meet the projected decreases in oil supplies by the turn of the century seems impossible. Even the
introduction of breeder reactors cannot alleviate the problem as the plutonium necessary for their
operation has to be produced first by 'burner' reactors. It is furthermore suggested in the report to
consider nuclear technology "as a component in a new technology that allows us to produce l kW- h
of electricity from l kW- h of oil and hence make oil reserves last four times as long".
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13-

III. Chapman, P.F., Mortimer, N.D., "Energy Inputs and Outputs of Nuclear Power Stations"
(Sept. 1974, Revised Dec. 1974), Chapman P.F., "Energy Analysis of Nuclear Power
Stations" (1975) [3, 12]
Interim results (ERG 005 [3]) were published first in 1974, followed by the revised version in
1975 in Energy Policy [12]. In this document, reference is made to the results presented in 1975.
(1)

Study overview

Scope

MAGNOX, SGHWR, PWR (4 different rates of enrichment), AGR, CANDU,
HTR

Major

normalized net output of 1000 MW(e)

Assumptions

lifetime 25 years
capacity factor at 62%
ore grade at 0.3% (1974 Study assumed 0.007% also), tails assay at
0.25%
no plutonium recycling is considered; Pu is to be stored
uranium enrichment varies depending on reactor types
processes involve: producing fuel (mining, milling, conversion,
enrichment, fabrication), heavy water production, capital, equipment,
refuelling, heavy water supplement
gaseous diffusion process for enrichment

Other
Assumptions

electrical inputs are converted to a primary energy at 25 % efficiency, i.e.
1 kW- h = 3440 kcal
refuelling energy requirements (refuelling power and heavy water make-

up) are subtracted from plant output. For convenience, thermal energy is
also subtracted,
distribution loss at 7.5% and own use rate of electricity at 3.75%; energy
is distinct between electrical energy and thermal energy
electrical output is converted at 1 kW- h = 860 kcal
Calculation

Methodology

process approach based on monetary data; details unknown
Input/output analysis using I/O table of UK in 1968; for some materials
(heavy water, etc.) energies, are based on Process approach

Major Results

Energy ratios
Ore grade
0.3%

Remarks

(2)

MAGNOX SGHWR PWR
AGR
CANDU HTR
15.1±3
11.2±2 10.2±2 10.5±3 11.1±2 15.8±3
15.6±3
12.9±3
16.5±3
(for PWR figures correspond to 3.3, 2.6, 3.35, 2.7%
enrichments)

energy required for producing 1 t of heavy water is: 650 MW(e)- h +
6000 MW(th)- h

Comments

Nine different reactor types, were selected for the analysis namely MAGNOX, SGHWR, PWR
(4 enrichment grades), AGR, CANDU, HTR; five stages for fuel production process, namely mining,
milling, conversion, enrichment, fabrication. For initial core, energy requirements are computed in
detail and graphically presented, taking the initial core of SGHWR. Tails assay is set at 0.25%
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through the analysis. The total energy requirements for 1000 MW(e) nuclear power stations were
derived at:
Capital equipment

Heavy water

Total

Initial core

Refuelling
power

TJ(e)

TJ(th)

TJ(e)

TJ(th)

MW

262

1080

2000

20 192

8.8

2947

773

4634

18304

23.4

10710
10710
10710
10710

5139
2787
4052
2481

1075
650
822
568

6112
3760
5025
3454

11785
11 360
11 532
11 278

49.2
27.8
32.5
24.7

1254

13798

4714

1134

5968

14932

31.8

CANDU

1102

12 131

49

202

2789

27453

3.2

HTR

1045

11502

400

3309

11902

42.6

TJ(e)

TJ(th)

MAGNOX

1738

19 112

SGHWR

1102

12131

*3.3 973
973
2.6
3.35 973
2.7
973

AGR

P
W
R

TJ(e)

TJ(th)

5400

585

1638

15
120

22
641

D2O
make-up
power
MW

3.45

5.25

* defines % of uranium enrichment; (e) stands for electrical energy, and (th) stands for thermal energy.

Electrical energy for refuelling and heavy water make-up is subtracted from the nuclear power
station's output and, for convenience of calculation, thermal energy is also subtracted assuming that
thermal energy requirements are not very large for high grade ore.
Energy ratio (for a 25-year lifetime) and payback time are obtained as follows:
1975 study (0.3% uranium ore)

Energy ratio

Payback time
[years]

MAGNOX

15.1 ± 3

1.65 ± 0.25

SGHWR

11.2 ± 2

2.23 ± 0.3

10.2 ± 2

2.29 ± 0.3

2.6%

15.6 ± 3

1.60 ± 0.25

3.35%

12.9 ± 2

1.93 ± 0.3

2.7%

16.5 + 3

1.15 ± 0.25

AGR

10.5 ± 2

2.38 ± 0.3

CANDU

11.1 ± 2

2.25 + 0.3

HTR

15.8 ± 3

1.58 ± 0.25

PWR

Enrichment 3.3%

The payback times for the energy investment during construction are in the range of 1.5 to
2,5 years. In addition, however, a construction period of 5 years and a one-year installation period
needs to be added, so that the plant produces an energy profit between 7.5 and 8.5 years after the
beginning of the construction stage.
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IV.

Wright, J., Syrett J., "Energy Analysis of Nuclear Power" (1975) [13]

(1)

Study overview

Scope

nuclear and fossil power plants

Major
Assumptions

analogous to those of Price and Chapman, but comparing the thermal
instead of the electrical output of power plants to the thermal inputs

Other Assumptions

fuel enrichment at 3 %

Calculation
Methodology

the one of Price5

Major Results

breakeven time between 6.7 and 8 years (including 6 years for
construction and commission), comparison of total fossil fuel inputs
for nuclear and fossil-fuelled power programmes

Remarks

short paper (2 p.), no detailed information

(2)

Comments

The paper concluded that fossil fuel inputs to a nuclear power programme are higher than the
inputs to an equivalent fossil-fuelled power programme in early years, but after the nuclear plant has
been operating for a couple of years conventional power plants have higher cumulative fuel
requirement for the same electricity output.

5

Price J., "Dynamic Energy Analysis and Nuclear Power", Friends of the Earth Ltd for Earth Resources
Research Ltd (1974).
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V.

Kolb, G., Niehaus, F., Rath-Nagel, St., Voss, A., "Der Energieaufwand für den Bau und
Betrieb von Kernkraftwerken" (1975) ("The Energy Requirements for Construction and the
Operation of Nuclear Power Plants") [19]

(1)

Study overview

Scope

LWR, HTGR, FBR, Coal-fired plant

Major
Assumptions

all energy requirements are evaluated at the primary energy
level
only energy requirements for plant construction and fuel
processing are considered
two grades of uranium ore are considered: 0.2% and 0.02%
enrichment alternatively by gaseous diffusion or centrifugal
method
fuel phases considered are: mining and concentration,
enrichment, fuel fabrication, transportation and reprocessing
there are no assumptions on load factors, instead the specific
energy requirements per MW(e)- a (1 MW(e)- a =
8760 MW(e)- h) are calculated

Other Assumptions

electricity conversion efficiency: 30%

Calculation
Methodology

Input-output methodology is used to determine the energy
requirements for construction
energy required for the fuel cycle is evaluated with various
statistical data

Major Results

Energy requirements

LWR

HTGR

FBR

Coalfired
plant

for construction (MW- h/MW)
2635
2725
4000
2400
for first core (MW- h/MW)
7.5
case 1
1940 1990
case 2
385
290
case 3
3575
2875
case 4
2020
1175
for fuel processing (MW- h/MW- a)
12.5 850
case 1
1165 800

Remarks

(2)

case 2

215

case 3

1890

case 4

940

case 1:
case 2:
case 3:
case 4:

ore
ore
ore
ore

120

1155
475

at 0.2%, enrichment by diffusion method
at 0.2%, enrichment by centrifugal method
at 0.02%, enrichment by diffusion method
at 0.02%, enrichment by centrifugal method

Comments

Three types of nuclear power plants and a fossil-fuelled plant for comparison were considered:
a light water reactor (LWR)
a helium-cooled high temperature reactor (HTGR)
a sodium-cooled fast breeder reactor (FBR)
a coal-fired plant.
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Figures on energy requirements during construction, as presented in the previous table, were
derived by weighing the investment costs with the respective energy intensity as they were compiled
in an I/O table. The I/O table comprised 18 different industry sectors. For the fast breeder reactor
no precise data on construction requirements were available, so only a rough estimate was possible
(150% of the energy requirements for the HTGR).
The energy requirements for the fuel cycle were derived by combining information available
in literature, through own sources, etc. Additional information on the construction of facilities are
evaluated using investment costs and approximate energy intensities derived from Input/Output tables.
The data used for the different process steps are given for mining and concentration, enrichment, fuel
fabrication, reprocessing and transportation. It was pointed out that the energy required for mining
and concentration depend heavily on the local conditions, particularly on the uranium grade of ores.
Thus two different ore grades are assumed for the analysis:

0.2%, corresponding to average value for currently exploited sites;
0.02%, corresponding to the average value for sure, cheap (below 39 $/kg U) resources.
For enrichment three technologies are considered:
diffusion
separation nozzle
centrifuge.
In 1975, the diffusion technology was in use whereas the other two were under development.
Since the energy requirements in the separation nozzle process appeared to be similar to the

requirements in the diffusion process, no further emphasis was given to the separation nozzle process.
Significantly less energy is required for the centrifugal method. The remaining process steps (fuel
fabrication, reprocessing, transportation) appear to be less important from an energetic point of view.

This explains why the fast breeder reactor has much lower energy requirements for the fuel
cycle than the LWR and HTGR reactor. On the other side, construction energy requirements seem
to be somewhat higher for the FBR, although only rough estimates were possible.

36

VI.

Hill, K.M., Walford, F.J., "Energy Analysis of a Power Generating System" (1975)
Walford, F.J., Atherton, R.S., Hill, K.M., "Energy Costs of Inputs to Nuclear Power"
(1976) [14, 36]

(1)

Study overview

Scope
Major
Assumptions
Other
Assumptions

Calculation

Methodology

SGHWR, CANDU, FBR, fossil-fuelled power plant
grade of uranium ore at 0.3%
enrichment at 2.0% U235 by diffusion process (?)
given scenarios for growth rates of consumer's demand and nuclear
installation:
medium
high
low
consumer's demand 4.5%
5.5%
exponential decline to
near 0% in 2000
nuclear installation 10%
12%
7%
different technology scenarios
electrical and thermal forms of energy
load factor is a result of the merit order of station operation, but its
value is not given
for dynamic calculations energy requirements for construction and
first core are spread over a 5 year period, a sixth year of zero input
and zero output precedes the coming on line
breakdown of the quantities of materials used together with energy

required per unit of construction materials
for the dynamic simulations a computer program for cost calculation
of electricity generating programmes is used

Major Results

energy cost data [GW- h(t) + GW- h(e)]:
Capital COSt

SGHWR
3300 + 570

CANDU
6200 + 900

FBR
4150 + 1050

Fossil
1900 + 470

Initial inventory

250 + 800
115+40
Refuelling cost/a
70 + 300
100 +30
10 + 7
22 ooo
for the dynamic evolution mostly charts are given, e.g. about
electrical input and total (including fuels) thermal input to the whole
power generating system
Remarks
(2)

Comments

Thermal and electrical flows have been accounted for separately wherever possible. Statistical
data from various sources were used for the energy requirements per unit of different construction
materials. The quantities of materials required for the construction of the different reactor types were
accounted for separately, but only the data for the SGHWR are given. The energy required for the
fuel cycle was summarized as follows:
1000 MW(e) plant

SGHWR

CANDU

Initial inventory

250 kW- h(th)
+
800xl06kWt(e)

40xl0 6 kW-h(e)

Refuelling per
1000 MW(e)/a

70 kW- h(th)
+
300xl0 6 kWt(e)

100 kW- h(th)
+
30 x!0 6 kW-h(e)

115kW-h(th)

+

Fast reactor

Fossil-fuelled

-

-

10 kW- h(th)
7 x 10* kW- h(e)

2200 kW- h(th)
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In the 1975 publication the dynamic aspect of the analysis was stressed. Charts reflecting the
thermal and electrical input requirements as well as the productivity of fossil fuels, uranium and
nuclear fuels were presented for the time period 1975-2005. For the dynamic calculations "the
capital and initial fuel inventory costs have been spread over a 5 year period with a sixth year of zero
cost and zero output prior to its coming on line". To carry out the calculations, use was made of a
computer program developed initially for determining monetary stocks and flows for a given
electricity-generating programme. This programme allowed the consideration of the merit order of
station operation adopted by the generating boards as well as for station performance limits. The load
factor is not an exogenous input to the calculations but results as a function of consumers' demand,
installed stations and order of merit of station operation. Its value however is not given in the paper.

Although most of the results are given in a graphic form, which makes a detailed comparison
rather difficult, it can be concluded that the differences between the different nuclear options and
mixes are mostly negligible, in fact being most notable only in the case for the extraction of uranium
from seawater. In most technology options the total thermal (i.e. fossil) energy consumption reaches
its peak in 1987. The net energy flow in the nuclear component of the programme remains negative
until 1985 (except the case with uranium extraction from seawater; thus the energy payback period
for the whole programme exceeds four years after startup or at least ten years after commencement
of construction.
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VII. "Net Energy From Nuclear Power", Oak Ridge Associated Universities, Inc. (1976) [42]
(1)

Study overview

Scope

BWR, PWR, HTGR, HWR (CANDU)

Major
Assumptions

net output 1000 MW(e)
grade of uranium ore at 0.176% (conventional), at 0.006% (Chattanooga)
tails assay at 0.3, 0.275, 0.2%
plant lifetime 30 years
capacity factor of power plants at 75 %
three kinds of fuel cycles (once-through, U-recycle, U-Pu-recycle) are
considered
process is divided into: mining, milling, conversion, enrichment, fabrication,
operation, reprocessing, waste storage, fuel transportation
enriched by gaseous diffusion process

Other
Assumptions

input electricity is qualified as l kW- h = 2872 kcal (for Rl and R3) or
l kW- h = 860 kcal (for R2 and R4)
energy is divided into electrical energy and thermal energy
energy intensities based on detailed values of input/output table (357 sectors
for the year of 1967)

Calculation
Methodology

process analysis and Input/Output analysis
energy input of some raw materials, such as sulfuric acid and zirconium, are
based on the results of process approach
energies for constructing the plant are included in energy for raw materials
and direct energy input
process approach based on monetary units with detailed investigation

Major Results

sensitivity analysis was done, varying parameters
results in case of tails assay at 0.3%, uranium ore grade at 0.176%, without
recycling;
Rl
4.60
4.89

R3*
15.35
16.35
19.01

R2*
9.63

R4

17.23
17.23
10.03
5.69
12.03
22.02
HTGR
11.34
13.16
HWR
8.41
28.09
in case of Chattanooga Shales without recycling, Rl = 2 . 2
energy ratio varies by 2 to 4 times, among cases of ore grade at 0.176% and
0.006%
all ratios are greater than 1 since nuclear power plant is a strong net energy
producer
PWR
BWR

Remarks

energy efficiency calculations are based
Rl = E0/[T, + 3.14EJ
R3 3.14EJT, + 3.14EJ
R2 = E0/[T, + E,]
R4 [E0 - E,]T,
where
E0: energy output
E,: energy input (electricity)
T,: energy input (thermal)
all in MW(e)- h unit (l kW- h = 860 kcal)
sensitivity analysis and dynamic analysis were also made

* R2 and R3 are interchanged for consistent comparison in this book.

(2)

Comments

In this study, conversion factor of electrical energy into thermal energy is l MW(e)- h =
6 Dt,,
s/ 10
ir\6
3.412 X
Btu.
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The nuclear fuel cycle is divided into nine processes with energy requirements evaluated
separately for each: (1) mining of uranium ore, (2) milling of uranium ore, (3) conversion to uranium
hexafluoride, (4) enrichment of uranium hexafluoride, (5) fabrication of enriched uranium into fuel,
(6) nuclear power plant operation, (7) reprocessing of discharged fuel, (8) storage of radioactive
wastes from power production and (9) transportation of fuel materials. All of the energy, direct and
indirect, required by the processing of uranium in order to produce electrical power was obtained by
adding the quantities for the individual processes.
Energies considered in the study are:

(a)

Direct input energy: Energy directly consumed during the electricity generation process.

(b)

energy for materials used in the process: Energy consumed during the fuel fabrication process.

(c)

input energy for facility construction: Energy consumed for construction of the power plant,
installation and manufacturing of facility/equipment.
Input energy is calculated as follows:

(a)

Direct input energy: Sum of all electricity and fuel inputs directly consumed.

(b)

Energy for input materials: Calculated using input/output tables and materials' price data. (I/O
table covers 357 classified sectors.)

(c)

Input energy for plant construction: Calculated using input/output tables. (I/O table covers 357
classified sectors.)

In input/output analysis, the following ways are taken:

(1)

Treatment of value-added; value-added is not an interim input but is accounted directly to final
consumption, so that salary, interest, and taxes are not reckoned.

(2)

Transfer and transaction margins: input/output analysis is based on supplier's price table, and
interim input of transportation and transaction margins are not reckoned. However, for
construction activity, transportation/transaction margins are estimated.

(3)

Deflator; deflators are employed from "New Energy Technology Coefficients and Dynamic
Energy Models" (Report to the Energy Research and Development Administration, ERDA-3)
Just, L, Borko, B., Parker, W., Ashmore, A., the Mitre Corporation, January 1975.

(4)

Anomaly products; due to a wide range of variation of input energy for such products as
reagents, input energy for them is directly estimated.

(5)

Imports; products used as interim input are deemed as domestic products.

(6)

Secondary products; input energy needed for manufacturing secondary products is not
considered.

A sensitivity analysis was examined considering different reactor types, grade of uranium ore,
operating mode of the enrichment plant and recycle option.
Since for all cases presented the amount of electricity generated far exceeds the energy input
requirements the study concluded that nuclear power "cycles" are strong net producers of electrical
energy (on a facility lifetime basis).

40

For PWR with 0.3% tails assay case
Mode type

Rl

R3*

R2*

R4

4.6
4.0

15.4
13.3

9.6
8.9

17.1
17.8

6.0

20.2

12.1

20.4

2.2
3.1

7.3
10.5

3.4
4.9

4.1
6.1

Conventional ore
Once through cycle
0.3% tails assay
[cf. 0.2% tails assay]
Full recycle
Chattanooga Shales
Once through cycle
Fuel recycle

* R2 and R3 are interchanged for consistent comparison in this book.
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VIII.

(1)

ERDA, "A National Plan for Energy Research Development & Demonstration:
Creating Energy Choices for the Future, Vol.1, Appendix B. Net Energy Analysis of
Nuclear Power Production" (1976) [43]
Study overview

Scope
Major
Assumptions

PWR
net output power of 1000 MW(e)
0.20% enrichment tails assay

plant lifetime of 30 years
recycling was not considered, leaving spent fuels stored

plant capacity factor at 61% (average)
steps include:

mining, milling, conversion, enrichment, fuel fabrication, power
plant construction and operation, fuel storage, waste storage and
fuel transportation
uranium enrichment by a gaseous diffusion process
Other
Assumptions

energy intensities are based on detailed values
(357 sectors for the year of 1967)

electricity is converted to primary energy with the factor of 1 1 ,400
Btu/kW- h (2872 kcal/kW- h)
Calculation
Methodology

process analysis and Input/Output analysis
energy embodied in labour, ecosystems and organizational

infrastructure is not included
energy content of the burnt fuel is not counted as an external energy

input

Major Results

Remarks
(2)

energy ratio (as Rl) = 3.83
uranium enrichment accounts for about 91% of all direct energy inputs
all direct and indirect energy inputs constitute 72.1% for enrichment,
16.4% for construction and operation of the power plant, 3.9% for
conversion, 2.1% for mining, 2.1% for milling, 2.9% for fabrication
and 0.8% for others

the study also included dynamic analysis and resource base analysis

Summary of the study

The major conclusions are:
(a)

The direct and indirect energy inputs of nuclear power plant account for 26% of the energy
produced. This value is in the same range of conventional fossil fired power plants.

(b)

91% of all direct energy inputs for nuclear power plant is energy for uranium enrichment by

gas diffusion process, which amounts up to 72% of total direct and indirect energy inputs. This
energy could be sharply reduced by employing centrifuge uranium enrichment technology.
Energy for constructing and operating a nuclear power plant accounts for 16% of total energy
inputs.
(c)
(d)

Energy losses in nuclear power plant count about 68% due to a thermal efficiency constraint.
The following two studies reported that resources equivalent of 6000 to 7000 Btu are required

in order to have the 3000 BTU energy input to the nuclear reactor. These additional resources
42

needed are considered to include unrecovered uranium during mining and tails assay during
uranium enrichment, and these 3000 to 4000 BTU energy are not necessarily lost nor consumed
as irrevocable energy. Much of this energy could be available for use in future when processes6
utilizing these resources become economically feasible.
Lifetime of a nuclear power plant is 30 years and decommissioning costs of the plant are
excluded. For analyzing direct energy inputs, unrecovered uranium during mining is excluded, and
for output analysis, electricity generation during the expanded lifetime of the plant is excluded.
The table shows input energy for nuclear power plant with processes constituting electricity
generation system. This analysis was done in order to:
(a)
(b)

identify the important systems from the viewpoint of energy input;
identify potentials for great improvements through technological advance.

The study is based on the following assumptions:
Nuclear
power
plant

plant lifetime
reactor type
output

30 years
PWR
1000 MW(e)

Nuclear
fuel cycle

ore
enrichment
tails assay
reprocessing

conventional uranium ore
gaseous diffusion process
0.2%
no reprocessing

Capacity
factor

before commercial operation
early stage of commercial operation
middle period of commercial operation
late stage of commercial operation

40% for 5-month
65% for 2-year
70% from 3rd to 15th year
2% decrease/a from 16th to 30th year
(68% at 16th year)

Major results are as follows:
Process

Quantity

Total inputs in billion Btu

Percentage
of total

Mining

3909 MTU

2935

2.1

Milling

3909 MTU

3037

2.1

Conversion

3909 MTU

5334

3.9

103 037

72.1

4096

2.9

Enrichment

3

3124 X 10 SWU

Fuel fabrication

683 MTU

Power plant
construction and
operation

30 years

23 401

16.4

683 MTU

240

0.3

30 years

398

0.2

3909 MTU
683 MTU

61
230

0.1
0.2

142 769

100

Fuel storage

Waste storage
Transportation
- natural uranium
- fabricated fuel
Totals

Laser uranium enrichment technology would possibly reduce tails assay sharply.
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Other US organizations' studies show similar with energy analysis results.
Investigator

Units of external energy
(input per 1000 units of output)

Development Sciences, Inc.

238

State of Oregon Study

194

University of Illinois
(Center for Advanced Computation)

210

Institute for Energy Analysis

248

ERDA-76-1

262

A dynamic analysis of the direct and indirect external energy expenditures and the energy output
of nuclear power plants as a function of time was also implemented. A nuclear power plant will
become a net energy producer within about only one year after commercial operation. That is, the
external energy expenditures required to build, fuel, and operate each plant are recovered early in the
second year of commercial operation.
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IX. Moraw, G., Szeless, A., "Energieaufwand für den Bau und Betrieb von Kraftwerken"
(1976) ("Energy Requirements for Construction and Operation of Power Plants") [41]
(1)

Study overview

Scope

LWR, various hydroelectric installations, coal-fired plants

Major
Assumptions

- electrical and thermal energy requirements are added without consideration
of conversion efficiency
- full load time: LWR
- 6500 h
hydropower station on the Danube (HE1)
- 6100 h
smaller run-of-river power station (HE2)
- 6100 h
storage power station (HE3)
- 1000 h
coal-fired power station
- 4500 h

Other
Assumptions
Calculation
Methodology
Major
Results

plant lifetime: 30 years for thermal power stations
__
60 years for hydroelectric power stations
energy requirements are derived from investment and refuelling costs with
an average energy cost factor (0.54 kW- h/ATS)
Energy requirements
LWR HEI HE2
HE3 coal
for construction (kW-h/kW) 3800 7595 12691 4410 3920
for first core (kW- h/kW)
780
for refuelling (kW- h/kW/a)
270
456

in percent of total energy output during lifetime
for construction
1.9 2.1
3.5
for first core
0.4
for refuelling
3.9
Remarks

7.4

2.9
10.1

HE1 : hydropower station on the Danube river
HE2: smaller run-of-river power station
HE3: storage power station
- very approximate method of calculation

(2)

Comments

The study is a first approach to evaluate the energy requirements for Austrian power plants.
The method used is drawn from Rombough and Koen7 and supplemented with some comparison to
other existing studies (in particular those from Rombough and Koen and Kolb et al.8). To determine
the energy requirements, cost data for construction and fuel provision are simply multiplied by an
average energy cost factor (0.54 kW- h/ATS).

7

Rombough, Ch.T., Koen, B.V., The Total Energy Investment in Nuclear Power Plants, Technical Report

ESL-31, University of Texas, Austin (1974).
8

Op.cit.
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X.

Institute of Policy Science, "A Study on Energy Utilization Structure and Energy Analysis"
(1977) [45]

(1)

Study overview

Scope

PWR, BWR (both for once-through cycle and plutonium recycle)
CANDU, heavy oil-fired thermal plant, LNG-fired thermal plant and
pulverized coal-fired thermal plant

Major
Assumptions

gross output power of 1000 MW(e)
grade of uranium ore at 0.1%
capacity factor of power plants at 70%
uranium enrichment by a centrifugal process
fuel phases are divided into construction, maintenance & repairs, fuel
extraction, fuel transportation, fuel fabrication and disposal. They are
also divided into overseas and domestic process phases
plant lifetime: 30 years

Other
Assumptions

electricity conversion factors are 2450 kcal/kW- h and 860 kcal/kW- h
energy is categorized into electricity and thermal energy
labour input is also measured but is not converted to energy
natural gas liquefying energy for LNG-plant is considered

Calculation
Methodology

process analysis
approximate energy intensities are calculated based on various statistical
data

Major
Results

Oil

Remarks

(2)

Rl
R2
R3
R4

4.79
5.08
13.63
14.50

LNG Coal

PWR
(OT)

PWR
(RC)

4.99
1.46
16 18
5.27
27.15
1.47
46.11
4.15 14.21
4.20 15.00 77.34

17.57
30.22

50.07
86.09

BWR

(OT)
15.09
25.68
42.99
73.15

BWR
(RC)

CANDU

15.73

12.07

27.60
44.80
78.64

20.02
34.39
57.00

- energy efficiency of the system is evaluated as follows:
Rl = 860 EJ [T, + 2450 EJ
R2 = 860 EJ [T, + 860 EJ
R3 = 2450 E0/ [T, + 860 EJ
R4 = 2450 E0/[T, + 860 EJ
where E0: energy output (MW- h)
E,: energy input (electricity; MW- h)
T,: energy input (heat, Meal)

Comments

Low level radioactive wastes are treated in energy analysis calculations as being disposed in an
ocean after appropriate management.

Model system for energy analysis is structured as follows:
Energy requirements are accounted for: material handling, construction of necessary facilities,
operation and maintenance of fuel fabrication facility and power plant, including the energy chain
from ore mining, milling, conversion to UF6, enrichment, transportation, fuel fabrication, plant
operation, until waste disposal (and reprocessing). For each power generation system, nuclear as well
as fossil, energy requirements at each level of the energy chain, from fuel extraction to plant
operation and fuel disposal are summarized with description of key parameters and their actual data.
Energy requirements of each process are analyzed based on a process approach.
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(1)

Direct energy inputs to processes during a plant life:
direct energy consumed to operate and maintain fuel cycle facilities, power plant and
transportation facilities.

(2)

Indirect energy inputs to processes when they are constructed:
indirect energy required for plant fabrication of fuel cycle facilities and power generation
plant,
energy consumed for raw materials such as iron, steel, concrete, etc.,
energy consumed for manufacturing equipment such as pressure vessels, reactor,
turbine/generator, tanks, piping, etc.,
energy consumed for construction work and civil engineering of each facility.

Required energy conversion factors are analyzed based on a Process approach for the following
scope in each model system for electricity generation:
(a)

Energy required per unit amount of fuel
indirect energy, consumed mainly for materials, construction and fabrication, depreciation
and maintenance of fuel fabrication facility, including transportation;
direct energy, consumed to operate the fuel fabrication facility.

(b)

Energy required with regard to construction of plant and manufacturing of machinery
energy conversion factor for raw materials (iron, aluminum, steel, concrete and others);
energy conversion factor for construction work (civil engineering of harbor construction,
construction work using concrete, plant structure and iron frame construction);
energy conversion factor for fabrication works (to be analyzed focusing on piping and
tanks, pressure vessels, reactor vessel, rotor machines. Weight data are employed as a
calculation basis).

(c)

Energy required for transportation
calculated by multiplying of [transported weight by automobiles, railways, and shipping]
and [energy requirement per unit distance transported].
Facility lifetimes are assumed as 30 years for the power plant and 15 years for other facilities.

Energy for maintenance and repairs is added on the basis that 5% of machinery is to be repaired
every year.
Comparing energy ratios of the six power generation systems, fossil fuel fired thermal power
plants show a range between 4.15 and 14.21 (in R3 where 2450 kcal = l kW- h), while for nuclear
power plants a range between 34.39 and 50.07 is derived. It can be concluded that energy balance
is far more advantageous for nuclear power than for fossil fuelled plants.
Although the study reflected special features of Japan that imports almost all fossil fuels from
abroad, other features derived from the results of this net energy analysis are as follows:
For fossil fired power plants, significant portion of required energy falls on fuel transportation
phase.
A remarkable amount of energy is required for oil refinery and natural gas liquefaction
processes. In particular, for operation of liquefaction facilities, it requires a significantly larger
amount of energy than is required for conventional power plants.
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Of energy consumed for fossil fired power plants, thermal energy consumption (pursuant to fuel
consumption for transportation) is far larger than electricity consumption.

For nuclear power plants, electricity consumption is relatively large in comparison with fossil
fired power plants. This is due to electricity consumed during uranium enrichment process.

Energy ratios of LWRs are almost in the same range despite the differences of fuel cycles.
For uranium requirement, reprocessing of spent fuels results in some 20-30% saving in natural
uranium.
LWRs require 20-30% more natural uranium than HWR. This is due to the fact that HWR
uses natural uranium without any enrichment, while LWRs use enriched uranium.
The report presented energy requirements of 9 different power generation systems aggregating
the requirements in fossil fuel equivalents. In this comparison, fuel for generation is accounted while
it is not considered for calculating aforementioned energy balances. When fuel for generation is taken
into account, it become very clear that energy requirements in terms of equivalent amount of fossil
fuels during the plant lifetime are quite different among those of fossil fired power plants and nuclear
power plants.
The lifetime net energy balance of power generation systems (1000 MW(e), plant lifetime
30 years, average capacity factor at 70%) are compared as follows:
Generation systems

Heavy-oil
fired power
plant

Crude-oil fired

LNG-fuelled

power plant

power plant

Pulverized
coal-fired
power plant

NPPÇBWR
with U-Pu
recycle)

Construction
ofPP

1.8%

4.1%

0.1%

3.6%

11.2%

Maintenance
and repair

1.6%

3.7%

0.1%

3.5%

12.9%

0.1%

1.3%

95.7%

3.6%

15.6%

40.1%

90.9%

3.1%

89.2%

-

Fuel
fabrication,
disposal

55.9%

-

-

-

Total energy

100%

100%

100%

100%

Fuel
extraction
process
Fuel
transportation

requirements
(109 kcal)

%** of total energy

32,064

14,131

105,332

60.5%*
100%
30,775

9,627

20.9%

9.2%

68.6%

20.1%

6.4%

7.3%

3.2%

24.1%

7.0%

2.2%

requirement against

total energy
production

* reprocessing and waste disposal are included.
** [Total energy requirements through the life] 4- [Total energy production through life] x 100; upper figures represent
conversion factor at 860 kcal/kW- h, and the lower figures represent at 2450 kcal/kW- h.

The study also implemented a dynamic analysis of cumulative energy balances from 1981 up
to 2000 assuming no nuclear capacity installed in 1981, but 25 000 MW in 1985, and 5 plants of
1000 MW(e) installed each year until 2000.
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This dynamic analysis showed that cumulative energy balance for nuclear power programme
turned positive in 14 months after the first 5 units went into operation and under an assumed energy
supply-and-demand structure, the net energy obtained showed strongly positive. Also the study
discussed that required energy for constructing 5-unit per year in 1985 was estimated only about 0.2%
of the total primary energy supply in that year.
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XI.

Koenne, W., "Zur Nettoenergieabgabe von wachsenden Kraftwerkssystemen. Eine
Parameterstudie" (1977) ("The Net Energy Yield of Growing Power Plant Systems. A
Parameter Study") [56]

(1)

Study overview

Scope

nuclear and hydro power plants

Major
Assumptions

nuclear
gross energy production
7000 GW- h /a
energy required for operation
3.9%
(as a fraction of gross energy production)
energy required for construction
5000 GW- h

hydro
1400 GW- h /a
1%

Other
Assumptions

construction time
commissioning time
lifetime

4 years
0 years
60 years

Calculation
Methodology

A computer program is used to determine the total net energy yield of electricity
generation systems described by the above data sets.

Major Results

- net energy yield for different growth rates over time
- net energy yield after 20 years over the energy required for
operation/construction

Remarks

Data used are taken from a literature survey

(2)

5 years
1 year
30 years

1800 GW- h

Comments

The focus of the document is on the changes of important parameters of growing power
systems. In particular, the energy required for operation and construction of plants is considered. A
remarkable result of the study shows that the energy required for construction is a more critical
parameter than the energy requirements for the plant's operation.
On the basis of different electricity growth scenarios (5%/a, 10%/a and 15%/a), the net energy
yield of the corresponding nuclear and hydroelectric power systems are compared. To compare
different assumptions on the energy required for operation, the net energy output in the 20th year of
the programme using nuclear power plant installation is considered. It turns out that, for very large
energy expenditures during operation (over 80% of gross energy output), programmes with slower
growth rates have higher net energy outputs than those with higher growth rates. In addition, the
relationship between the energy required for construction and the net energy output is shown.
Although for usual assumptions (below 5% of energy output during operation required for
construction) the high growth rate scenario yields higher net energy outputs, this is no longer true for
pessimistic assumptions. The same considerations apply to hydroelectric installations, the range
between usual assumptions and the critical zone becoming even smaller.
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XII.

Moraw, G., Schneeberger, M., Szeless A., "Energiebilanz von Kraftwerken und
Ausbauprogrammen" (1977) ("Energy Balance for Power Plants and Installation
Programmes") [52]
Held, C., Moraw, G., Schneeberger, M., Szeless A., "Energy Analysis of Nuclear Power
Plants and their Fuel Cycle" (1977) [57]

Both papers present mostly the same results.
(1)

Study overview

Scope

PWR,

BWR,

HTGR, HWR, FBR, oil-fired plant, hydroelectric plant, solar thermal plant

for construction and first inventory, electric and thermal energy requirements are

Major
Assumptions

supposed to be provided by the public grid with:
power station

share of total electricity

fossil-fuelled
hydro and nuclear

-

82%
18%

conversion factor to primary energy
3.23
1

for refuelling, electricity is provided by the power station itself (conversion factor to
primary energy: 1)

PWR BWR HTR HWR FBR oil hydro
solar
net power output
MW(e)
1000 1000 770 1000 1000 1000 500 100
load factor
0.75 0.75 0.75 0.75 0.75 0.75 0.7
- uranium concentration of ore: 0.208%

0.79

Other
Assumptions

- plant lifetime:

Calculation
Methodology

- energy requirements for construction are derived by the input/output method using cost
data from various (mostly American) sources and energy intensities (energy cost
factors) from Herendeen, 1974
- energy requirements for the fuels are taken from various sources

Major Results

- energy requirements (except fuels)
PWR BWR HTR HWR
I,
2.1
2.1
2.3
3.0
12
3.0
3.1
4.3
5.3

in percent of total energy output during lifetime:
FBR
oil
hydro
solar
2.6
1.3
2.3
9.4
4.8
1.4-2.8
2.3
9.4

13

6.0

Remarks

5.0

5.0

30 years except for hydroelectric power stations (60 years)

6.3

8.4

5.0, 9.5, 44.2

2.3

9.4

oil: oil-fired power plant, the three numbers given are respectively for 1) oil from the

North Sea, 2) oil from the Persian Gulf, 3) oil shale
hydro: hydro-power plant (river)
solar: solar thermal power plant

I,: [energy inputs for construction/energy output during lifetime] x 100
I2: [energy inputs for construction and first inventory/energy output during lifetime]
x 100
I3: [energy inputs for construction, first inventory and refuelling/energy output during
lifetime] x 100

(2)

Comments

The energy requirements for the construction of different power plants were determined using
the input-output method and various statistical data on the cost of power plants. The energy cost
factors were taken from Herendeen, 1974 [7]. Energy requirements for the fuel provision are taken
from the literature. Together with data for net power output and the load factor, various energy ratios
are calculated, expressing the ratio of energy inputs to total energy output during lifetime.
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Furthermore, dynamic energy analysis was carried out to determine the energy pay-back time
of systems for various growth rates and the maximum growth rate with a positive energy balance.
To evaluate the efficiency of expansion programmes, a cumulative energy ratio R is calculated,
yielding the part of total energy output which is used for construction. Summaries are as follows:
Energy payback time for
different growth rates (%/a)
Technology

Maximum
growth rate
(%/a) with a
positive energy
balance

5

10

20

30

5

10

20

30

PWR

1.2

1.4

2.1

3.6

8.7

14.4

32.4

60.6

40.1

BWR

1.2

1.4

2.2

3.8

8.8

14.7

33.3

62.4

39.5

HTR

1.7

2.0

3.3

8.0

11.6

20.0

45.9

86.3

33.5

HWR

2.0

2.5

4.4

negative

14.7

24.8

56.1

negative

29.7

FBR

1.7

2.0

3.3

7.6

7.4

16.8

44.2

85.6

32.5

Oil-fired*

0.6

0.7

0.9

1.1

12.0

14.3

20.8

29.8

74.2

Hydro

1.6

1.8

2.5

3.8

9.6

16.8

36.9

63.6

40.7

Solar

3.4

4.2

7.7

negative

19.7

34.6

75.9

negative

24.7

* Case of Persian Gulf oil.
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Cumulative energy ratio R after
30 years, for different growth
rates (%/a)

XIII.

(1)

Wagner, H.-J., "Der Energieaufwand für den Bau und Betrieb ausgewählter
Energieversorgungstechnologien" (1978) ("The Energy Requirements for the Construction
and the Operation of Selected Energy Supply Technologies") [71]
Study overview

Scope
Major
Assumptions

Other
Assumptions

LWR, HTGR, FBR, coal-fired power plant (also: district heating , electrical
heat pump, solar collectors)

all energy requirements are evaluated at the primary energy level
only energy requirements for plant construction and fuel processing are
considered
two grades of uranium ore are considered: 0.2% and 0.02%
enrichment alternatively by diffusion and centrifugal method
fuel phases considered are: mining and concentration, enrichment, fuel
fabrication, transportation and reprocessing
load time: 7000 h/a
- data for power plants:
output
MW(e)
cross-efficiency
%
net efficiency
%
investment costs DM/kW(e)
lifetime
years
construction time years

LWR

HTR

FBR

coal

1300 1300 1300 2 x 650
34.5 42.5 41
39.5
37
32.3
40
38.5
1205
1265 1446 860
25
25
25
25
6 6 6
5

Calculation
Methodology

- Input/output approach is used to determine the energy requirements for
construction; the allocation of investment costs on various components is
estimated
- energy intensity of fuel cycle is evaluated using different statistical data

Major Results

energy requirements
LWR
HTGR FBR
for construction (MW-h/MW) 2160
2555
2680
for first core (MW- h/MW)
20
case 1
2300
4880
case 2
410
670
case 3
4020
7030
case 4
2130 2820
for fuel processing (MW- h/MW/a)
30
case 1
1360 1500
case 2
250
220
case 3
2260
2160
case 4
1150 880

Remarks

(2)

case 1:
case 2:
case 3:
case 4:

ore
ore
ore
ore

coal
1540

950

at 0.2%, enrichment by diffusion method
at 0.2%, enrichment by centrifugal method
at 0.02%, enrichment by diffusion method
at 0.02%, enrichment by centrifugal method

Summary of the study with respect to the net energy analysis of electricity generating
systems

For the high temperature reactor and the fast breeder reactor, data on commercially used large
reactors were not available, so estimates for future plants were considered.
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Calculations of the energy requirements for construction are based on data about the investment
costs for different types of power plants. Allocation of these costs on different sectors is given. The
energy required for construction was derived from the energy requirements per unit of output
calculated by means of an input/output analysis. The analysis is based on an input/output table from
1972, which has been extrapolated to 1974.
A process analysis was carried out to determine the energy required for the fuel cycle. It was
described in detail in another study, so only the energetically dominant process steps, i.e. mining
(together with concentration) and enrichment, were reviewed in the present study. Data on the energy
required for mining covered a wide range (from 70 to 1100 kW- h per tonne of ore). Taking
830 kW- h as a representative value per tonne of ore, the total energy requirements per tonne of
contained U amount to between 503 MW- h (for ores at 0.2% uranium) and 4913 MW- h (for ores
at 0.02% uranium) respectively. Calculation for the energy required for enrichment were made. The
total energy requirements for the fuel cycle are presented.
The calculated energy payback period for all nuclear reactor types ranged between 1.3 and
5.4 months.
Energy payback time (in months)

0.2% uranium

LWR

HTGR

FBR

Gaseous diffusion process

2.4

4.0

1.4

Centrifuge process

1.3

1.7

1.4

Gaseous diffusion process

3.2

5.4

1.4

Centrifuge process

2.3

2.8

1.4

ore
0.02%

uranium

ore

Those data are used to investigate the energetic impact of a nuclear power expansion
programme up to 2010. The capacities correspond to the actual nuclear power plants installed in
Germany up to 1977, whereas the data for the following years are based on official plans. The
following assumptions on uranium ore grade and enrichment technology were made: (1) centrifuge
process being introduced mid-1970s and totally replacing gaseous diffusion by 2005, and (2) 0.2%
uranium ore lasting until mid-1980s and replaced with 0.02% uranium after 2000. The maximum
growth rates of nuclear capacity possible without increasing fossil energy consumption are
summarized below.

Maximum annual growth rates for
nuclear power stations (%/a)

0.2% uranium

LWR

HTGR

FBR

Gaseous diffusion process

71

57

87

Centrifuge process

88

82

87

Gaseous diffusion process

61

50

87

Centrifuge process

72

66

87

ore
0.02%

uranium

ore

Such a nuclear power expansion programme would lead to cumulative fossil savings of 3.3 x
1010 MW- h up to 2010.
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XIV.

Herendeen, R.A., Plant, R.L. "Energy Analysis for Four Geothermal Technologies"
(1981) [96]

(1)

Study overview

Scope

Geothermal power plant (four types):
(liquid dominated, hot dry rock, geo-pressured, and vapour dominated)
lifetime

Major
Assumptions
liquid-dominated
hot dry rock

30 years
30 years

output
(transmission end)
50 MW
50-100* MW

capacity factor
85%
85%

(* for 'best' case)

geo-pressured
30 years
vapour-dominated 25 years

25 MW
106 MW

85%
85%

Other
Assumptions

- energy intensities are based on detailed values calculated by I/O table
(358 sectors) for the year 1967. Construction data of 90 sectors are
updated to 1976 or more recent dollars
- output electricity is converted to thermal energy by 3413 Bru/kW- h
- input energy includes only non-renewable energies
- input energy is calculated considering environmental protection measures
for such as plant, operation, resource survey, well, restoration of thermowater
- methane energy is excluded in case of geo-pressured methane power plant

Calculation
Methodology

- process analysis and I/O analysis
- energy ratio (Rl) excludes geothermal input energy itself.

Major Results

Technology
Energy ratio (Rl)
Liquid dominated systems
high turbine
4.3 ±
low turbine
4.4 ±
Hot dry rock
35°C/km
2.7 ± 0.9
45°C/km
3.4 + 1.0
55°C/km
3.9 ± 1.1
low temp, resource
1.9 ± 3
'best' case
13 ± 3
Geo-pressured systems
2.9 + 0.9
Vapour-dominated systems 13 ± 4
for heated water plant, energy for environmental protection measures
constitutes 5 % of the total input energy
for hot dry rock, liquid dominated, and geo-pressured power plants, net
energy analysis is no adequate methodology

Remarks

- energy ratios vary due to subdivision by temperature and other conditions
- table lists results of several other energy analyses of geothermal power
plants

(2)

Summary of the study

The work has been done with 'standard' energy analysis which involves energy costing of the
inputs to the systems with the total primary energy needed to manufacture and deliver them to the
site, as well as support on-site activities, and subsequent operation and maintenance.
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All technologies analyzed are net energy producers, i.e. they had an energy ratio exceeding
unity. Technologies building upon vapour, the only technology in current commercial for producing
electricity in the USA, had the highest energy ratio. In the case of liquid dominated systems, the
lower energy ratio compared to vapour dominated systems is caused by the considerable energy
requirement of pollution control technology.
The comparison with other studies showed similar results for the energy ratios presented.
A comparison of energy ratio derived by different studies is given below.
Technologies
output
[MW(e)]

Major Assumptions
lifetime
capacity
[years]
factor [%]

Liquid dominated

100

25

Vapour dominated

2 x 50

25

Wet steam

100

30

73

7.8

Dry steam

100

30

73

12.5

-

-

Geo-pressured
flashed steam plant

25

90

17.6 (5.0)*

Geo-pressured
secondary fluid
working plant

33

92

14.0 (3.7)*

* Excludes methane.

56

70

Energy
ratio
8.0-11.3

77.5
22.6

22.5

Study

Icerman
(1976)
Gilliland
(1975)
Bowen
(1976)
Carlson &
Underbill
(1976)

XV. "Renewable Energy and Electricity Generation Technologies" (1983) [102]
(1)

Study overview
Scope

Small hydro, Geothermal, Wind, Wave, Tidal, OTEC, Solar thermal,
Photovoltaic

Major
Assumptions

Options

Gross output
[MW(e)]
10
10
0. 1

small hydro
geothermal
wind
wave
floating type
fixed type
tidal
OTEC
solar thermal
cylindric
tower
photovoltaic
- plant lifetime 10,

Capacity factor
[%]
45
60
40

1
0. 1
3
2.5

27
41
50
80

5
5
1
20 and 30 years

30
30

Other
Assumptions

- electric conversion factors are 2450 kcal/kW- h and
860 kcal/kW- h
- heat value oil: 104 kcal/1, coal: 6200 kcal/kg,
gas: 104 kcal/m3*

Calculation
Methodology

- process analysis
- approximate energy intensities are calculated based on various
statistical data

Major Results

Energy ratio (R3)
plant lifetime = 10 years
20 years 30 years
small hydro
16.0
29.4 40.6
geothermal
13.2
17.0 18.7
wind
5.2
9.1
12.0
wave
floating type
2.7
4.5
5.8
fixed type
4.6
7.6
9.8
tidal
4.1
6.8
8.6
OTEC
2.1
3.7
5.0
solar thermal (input energy)
trough
288.7 Teal
tower
160.6 Teal
photovoltaic (input energy) 52.2 Teal

Remarks

- energy analysis of renewable energy is investigated under the
condition that all power technologies are manufactured,
constructed and operated in Japan

Option

* At 101.325 kPa and 15°C.
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(2) Summary of the study

The report aims to clarify energy analysis of renewable energy generation technologies in order
to support future R&D activities from the view point of energy utilization. The scope of the study
is indicated as follows:
(1) Small hydro, geothermal, wind, wave, tidal, and OTEC technologies excluding biomass energy
are investigated in the analysis. Solar thermal and photovoltaic technologies are also analyzed
as reference.

(2) All technologies analyzed are close to commercialization.
Input energy includes all kind of energy of construction of plant facilities requiring material
producing, manufacturing, constructing and transporting activities. Consumed energy of operation
and maintenance are also included in the input energy and presented in a tabular form.

58

XVI.

Aulich, H.A.,
Schultze, W.-W., Strake, B., "Energy Payback Time for Crystalline
Silicon Photovoltaic Modules Using New Technologies" (1985) [107]

(1) Study overview

Scope

monocrystalline silicon (c-Si)
polycrystalline silicon (p-Si)

Major
Assumptions

(case A) conventional module, Czochralski crystal growth, electronicgrade Si, module efficiency 10%
(case B) low-cost (plastic) module, ribbon growth, electronic-grade Si,
module efficiency 10%
(case C) low-cost module, casting + sawing, solar-grade Si, module
efficiency 10%
(case D) low-cost module, ribbon growth, solar-grade Si, module
efficiency 10%
irradiation 2200 kW- h/m2/a

Other
Assumptions

efficiency for generating electricity 33%

Calculation
Methodology

process analysis

Major Results

module energy payback times
(case
(case
(case
(case

Remarks

A) c-Si:
B) p-Si:
C) p-Si:
D) p-Si:

94 months
20 months
14 months
5 months

system energy payback times are not given
module efficiencies are total-area efficiencies
module lifetime estimated to be 20-30 years

(2) Summary of the study

The state-of-the art and expected development of crystalline-silicon technologies were analyzed.
The method used is that of process analysis, but detailed information is lacking. Since most processes
discussed are still under development, the data used are obtained from literature, from private
communications and from experience. Data refer to or are extrapolated to full production rates.
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XVII.
(1)

Hohenwarter, D. J., Hemdler M., "Net Power and Energy Output of the German LWR
Nuclear Power System" (1988) [129]

Study overview

Scope

LWR

Major
Assumptions

actual data are used for construction time, start of operation and
annual energy yield, respectively load factor, of German LWR.
data on energy requirements are taken from the literature:
energy required
/Wagner, 1978/
/Tsoulfanidis,
1981/
for construction [GW- h /GW(e)] p.e: 2160

for first core [GW- h /GW(e)]

for refuelling [GW- h /GW(e)]
Other
Assumptions

quality factor:

th: 243
el: 686
th: 0.0162
el: 0.0463

for thermal energy, q = 0.35

th:
el:
th:
el:
th:
el:

3666
455
792
918
0.0407
0.0578

(parametric
variation is
done)

for electricity, q = 1
time delays: 2 years for ore mining, 1 year for enrichment
(parametric variation
is done)
Calculation
Methodology

dynamic energy analysis by means of a computer program using above data

Major Results

net energy output from the German LWR programme up to 1982 is
calculated. In 1980, for example, 20% to 30% (depending on the
assumptions on the energy requirements, see above) of the energy produced
by nuclear power plants is used for the nuclear power system.

Remarks

p.e. = primary energy

(2)

Summary of the study

The German nuclear power system from the beginning of the construction programme in 1958
until 1982 was analyzed. Actual data were used for construction time, start of operation and annual
energy yield. Data about the energy required for construction, first core and reloading were taken
from the literature. To account for uncertainty, two different data sets were used (Wagner9 and
Tsoulfanidis10), also the influence of various valuations of electrical and thermal energy and of
different time lags for fuel production (fuel stockpiles) on the results was examined.
The different possibilities for the valuation of thermal and electrical energy are expressed using
different values for the quality factor q, defined according to the following equation:
E = E + E
9
10
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See Report XIII.
Tsoulfanidis N., Nucl. Technol./Fusion 1. 238 (1981).

This corresponds to an energetic valuation of energy, q = 1 means equal valuation of thermal
and electrical energy, whereas for q = 0 thermal inputs are neglected, q = 0.35, which is taken as
reference case, corresponds to the usual conversion to primary energy.
For a single power plant the energy-payback time as a function of the load factor is given in
a graphical form. The high sensitivity of the results to the data uncertainties is obvious.
For the German LWR programme as a whole, first the net power output is considered, i.e. the
gross output for a given year or month minus the energy expenditures for refuelling the operating
plants and constructing new ones. With a quality factor of 0.35, one obtains an efficiency of 40-60%
in the period from 1970 to 1975, which is due to the large ratio of capacity under construction to
installed capacity. In 1980 and the subsequent years, the efficiency ranged between 76-83%. Those
results were obtained with time delays of two years for mining and one year for enrichment. The
influence of the time delays is presented.

Without the construction of new plants, the efficiency of the nuclear power programme turns
out to be considerably higher. In 1980 this would increase the efficiency by approximately 10 % of
the total power.
The energy efficiency of the system is graphically presented in the document. "While the
energy payback time for each of the reactors amount to 4-8 months (low and high data sets, load
factor = 0.6, q = 0.35) the system payback time is found to be between 6 and 7 years."
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XVIII. Jensch, W., "Vergleich von Energieversorgungssystemen unterschiedlicher
Zentralisierung" (1988) ("Comparison of Energy Supply Systems with Different Degrees
of Centralization") [130]
(1)

Study overview

Scope

LWR, coal-fired and gas-fired thermal plants, wind energy converters,
photovoltaic plants and others

Major
Assumptions

detailed material requirements for plant construction are not given,
information provided as material requirements without non-metal
construction materials for 6 different plant types and as allocation of
cumulative energy requirements for hard-coal power plant.

Other
Assumptions

all energy requirements are evaluated at the primary energy level
overall efficiencies used for conversion to primary energy,
Hl KW

"end-use energy'"-*"

^primary energy

electricity:
0.313
coal (depending on variety):
0.812 - 0.966
oil products:
0.824 - 0.853
natural gas:
0.873
energy chain levels considered: extraction of primary energy,
conversion, transportation (in addition for electricity also: electricity
production, distribution)
Calculation
Methodology
Major Results

process analysis for required materials and semi-finished products
supplementary energy requirements for assembling are taken into
account by a general increase of 50%
energy requirements for construction of plants (MW- h pe /MW d ):
LWR
coal-fired plant
gas turbine
cogeneration plants
combined cycle
hydro energy
wind energy
photovoltaic

Remarks

(2)

1300
1400-2000
100-500
300-700
300-400
6000-10 000
2000-3500
9000-50 000

range of results is due to differences in technologies and differences in block
sizes

Summary of the study with respect to net energy analysis

The aim of the study was to compare various energy supply systems, with focus on their size
and degree of centralization. Since the criteria considered for the comparison referred mainly to
overall energy efficiency, area requirements, material requirements and energy requirements for the
construction of plants, only limited focus was drawn on the net energy requirement.
The energy requirements for the construction of the power plant were derived on basis of the
material requirements for various energy conversion technologies. A detailed process analysis was
carried out to determine the requirements of construction materials and semi-finished products. The
energy requirements for fabrication of components and for construction in situ are taken into account
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by a general increase of 50%. The impact of the block size on the energy required for construction
is analyzed. Selected results are summarized below:
Hard-coal
fired
power
plant
Cumulative
energy
requirement
[MW.h/MW]
Harvest factor
Energy payback
time [month]
Degree of
primary energy
conversion
Remarks

N.B.:

LWR

Wind
power

Photovoltaic
monociystal
silicon

multicrystal

amorphus

silicon

silicon

1400

1300

2000

50000

20000

8000

204

308

86

2.2

5.8

14.2

1.2

0.8

2.8

105

42

17

0.30

30

0.8

2.0

5.0

1300 MW,
7000 h/a

500 kW,
3000 h/a

0.35
700 MW,
5000 h/a

2000 h/a

(1) Lifetime 20 years, electricity conversion efficiency 35%;
(2) Harvest factor = energy output (valued at the primary energy level)/energy required for
construction (without first core!).
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XIX. Lund, P.D., "Assessment of the Effectiveness of Renewable and Advanced Technologies
in Reducing Greenhouse Gases Based on Net Energy Analysis: the Energy Breeder
Concept" (1989) [134]
(1)

Study overview

Scope
Major
Assumptions

Nuclear fission, nuclear fusion, solar cells, solar space power, solar heating,
central solar power, wind energy, OTEC, wave energy
no difference is made between different energy forms (conversion
factor =1)
estimates for net non-fossil energy ratios (i.e. ratio of total emission
free energy produced to total fossil energy needed as input to
construct the new capacity; taken from various sources):
NFIS NFUS PV SSP SOLH CSP WIND OTEC WAVE
8-15
7
4-8 5-18 5-10 10 8-13 10
2

NFIS nuclear fission
PV
solar cells
SOLH solar heating

NFUS nuclear fusion
SSP
solar space power
CSP
central solar power

Other
Assumptions

- constant doubling time for non-fossil generation capacity
- net gain factor at time t: ratio of produced net non-fossil energy at time t
to the non-fossil generation capacity at time t = 0
- "the new installed capacity does not produce any CO2"

Calculation
Methodology

- sensitivity analysis for the net gain factor with respect to various
parameters (doubling time respectively growth rate, net non-fossil energy
ratio, construction time), done by computer calculations

Major Results

- results are mainly given in the form of charts. The net gain factor shows
to be strongly dependent on the net non-fossil energy ratio and the
doubling time, with a maximum for doubling times between 3 and 7
years, depending on the value of the other parameters and the time point
considered

Remarks

(2)

Summary of the study with respect to net energy analysis

The definition of the net energy ratio r (i.e. the ratio of total energy produced by the system
over its entire life-time to the total energy needed for construction and maintenance of the system)
was slightly modified to determine the net non-fossil energy ratio R (i.e. total emission free energy
produced over total fossil energy needed as input to construct the new capacity) assuming that no
CO2-emissions were indirectly related with the operation of the plant (e.g. for the fuel cycle). It was
stated in the report that values for R have to be taken as order-of-magnitude estimates because of:
The type of energy source may affect the R-factor. (In the present study all energy inputs are
assumed of equal value.)

In case of renewables, the local weather conditions may have a significant effect on R.
The concept of energy breeding considered in the paper assumes that initial construction of the
first new capacity is done with fossil energy. The input fossil energy is paid back by the output of
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the first new capacity prior to the time t = 0. Then "the system enters the breeding phase, i.e., a
certain fraction of the clean energy is recirculated to construct more new capacity". Therefore
exponential growth of the installed capacity is assumed and described by its doubling time. To
describe the net energy output of the expansion programme, the net gain factor at time t is defined
as the ratio of net non-fossil energy production at t and the capacity q0 at t = 0.

The impact of parameter variations on the net gain factor is analyzed as well. The results are
given in graphical forms. There appears to be a clear optimum for the doubling time, if maximization
of the net gain factor is desired. The optimal doubling time tends to increase as the net energy ratio
decreases. For given growth rates of installed non-fossil capacity, the net gain factor depends on the
net non-fossil energy ratio, showing a much higher sensitivity at higher growth rates. Finally the
impact of the construction time on the net gain factor is investigated. For a given energy ratio R the
difference in the net gain factor may reach 50% depending on the construction time.

65

XX. Pritsche, U., Rausch, L., Simon, K.-H., "Umweltwirkungsanalyse von Energiesystemen:
Gesamt-Emissions-Modell Integrierter Systeme (GEMIS)" (1989) ["Environmental Impact
Analysis of Energy Systems: Total Emission Model for Integrated Systems (GEMIS)"] [137]
(1)

Study overview

Scope

PWR, various fossil fuelled plants, hydro, solar, wind and biomass

Major
Assumptions

the following emissions are considered: SO2, HCL, HF, NOX, particles
and CO2
conversion to primary energy is done according to the following
conventions:
fossil fuels: calorific value
nuclear fuels: thermal energy
wind, solar energy: electricity output

Other
Assumptions

data sets for standard technologies and best available technologies are
provided, but user may define own data sets

Calculation
Methodology

computer software modelling the energy-supply chains from resources to
end-use energy (for a given electricity or heat demand). At every level the
energy inputs and emissions are determined.

Major Results

energy required and emissions produced for 1000 MW- h of electricity
production (established using the provided standard data set):

LWR

coal

gas
COG
turbine

wind PV

2926
44
542

1000 1000
15
40
32
15

total energy required (MW- h)
in fuel cycle

for construction materials
total CO2-emissions (t)
Remarks

3221
11
54

2800
19
929

1241
-54
33

Cogenerated heat of the gas degeneration plant (COG) substitutes for output
from oil heating, thus only supplementary energy requirements and emissions
compared to the oil heating are attributed to the electricity production.
Because of lower C-content of natural gas this leads to very low CO2

emissions.

(2)

Summary of the study with respect to net energy analysis

The objective of the work was mainly to determine the total emissions associated with a given
energy demand. The analyses comprised heat and electricity generating systems and included the
whole energy supply chain from primary energy extraction to useful energy. The environmental
impact of various alternatives for producing a given amount of electricity (and/or heat) was

determined applying a computer based methodology. Two data sets are provided with the computer
model, one for standard state-of-the art (applied) technology and another for state-of-the-art (best)
technologies. Emission factors and energy efficiencies for the different fuel supply chains (free to
entry of power plants) are summarized as below:
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oil

gas

hard coal

lignite

uranium

SO2

10.6

0.4

6.3

1.8

1.6

NOX

13.2

10.1

7.6

2.3

9.9

particles

0.6

0.1

0.6

0.3

0.6

C02

6400

3000

2900

3200

4700

overall primary energy
efficiencies [%]

89.4

85.4

95.2

97.2

91.3

Emission factors
L^ö'~ * J supplied energyJ

Beside energy and emission analysis of the entire supply chain, analyses were undertaken to
determine the energy required for the construction of the energy conversion technologies and the
corresponding emissions. At the time of the study, only the energy requirements for the basic
materials steel, aluminum, copper, cement, plastics and glass were taken into account. The
corresponding material data of weights/volumes for various technologies were presented together with
their capacity, lifetime and load factor.

Given a pre-defined level of electricity and/o heat demand, the computer program calculated
recursively the energy flows and emissions at all the previous levels of the energy supply chain. At
every level the energy required for construction materials is evaluated. As a result one obtains tables
with all the energy flows and emissions related to the energy demand considered, one example is
given below:

Primary
energy
[kW- h]

SO2

HCL

HF

NOX

Particles

LWR

3232.46

27.35

1.10

0.07

132.79

8.09

54 038.38

Hard-coal

2819.21

750.87

69.96

3.47

704.90

92.40

9.29E+05

Gas turbine

2969.85

30.03

0.29

0.02

392.80

6.26

5.42E+05

Gas cogeneration

372.32

-459.26

-43.86

-2.17

186.76

-28.47

-2.0E+05

Wind
power

1015.37

9.56

0.00

0.00

21.86

1.79

5925.62

Hydro
power

1021.87

43.20

0.00

0.00

123.20

8.48

11 712.00

Photovoltaic

1040.07

24.55

0.00

0.00

71.33

5.56

15 172.86

Solar tower

1083.31

50.85

0.00

0.00

141.26

10.89

31 912.98

Emissions [g]

C02
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XXI.

(1)

The Deputy Assistant Secretary for Renewable Energy, "Energy System Emissions
and Material Requirements", US Department of Energy, Washington, DC, (1989)
[131]

Study overview
Coal plant with a scrubber, AFBC, IGCC, BWR,

Scope
Major
Assumptions

option
coal (conv.)
AFBC
IGCC
BWR
photovoltaic

net output
capacity factorf%1
[MW(e)]
500
80
500
80
945
80
1000
70
100
24

Photovoltaic
efficiency \%\

N.A.
N.A.
38.3
34 t U/a
15

plant lifetime: 30 years
Other
Assumptions

Illinois No. 4 coal (9% ash, 3% moisture, 2% sulfur)
investigated stages: fuel extraction, construction, operation

Calculation
Methodology

process analysis of environmental impacts
(air, water, solid wastes and material requirements)

Major Results

the results of CO2 emissions [tons per GW- h]

Remarks

(2)

extraction
construction
operation

PV
Conv.
AFBC
IGCC
BWR
coal
N.A.
N.A. N.A. N.A.
1.64
1.05 1.05 1.05
1.09
5.89
1057.14 1055.14 822.95
5.86 N.A.

Total

1058.19 1056.19

824.00

8.59

5.89

emissions of nitrogen oxides, sulfur oxides, particulates and
requirements of land, water, materials are also estimated for the
investigated technologies

Summary of the study

The analysis is conducted within a framework that delineates three basic aspects of energy
production:
(1)
(2)
(3)

Energy production stages: fuel extraction, construction, operation and decommissioning.
Environmental impacts to air and water, solid wastes, and material requirements.
Power production technologies: coal, nuclear and photovoltaics.

Indirect CO2 emissions from PV cell in a manufacturing factory were not examined in detail,
nor are data included in the main data matrices. The fuel extraction stage for the nuclear plant
includes uranium mining, conversion, enrichment, and fabrication. Among the nuclear fuel cycle
processes, the gaseous diffusion enrichment process is very energy intensive, requiring 26 000 MW-h
of electricity to produce 12 000 tons of enriched uranium per year.
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The major air emissions [in tons/GW- h] examined are summarized below:

Conventional
plant

AFBC

IGCC

BWR

PV central station

CO2

1058.191

1057.090

823.993

8.590

5.890

NOX

2.986

1.551

0.251

0.034

0.008

SO,

2.971

2.968

0.336

0.029

0.023

Particulates
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XXII.

(1)

San Martin, Robert L., "Environmental Emissions from Energy Technology Systems:
The Total Fuel Cycle", US Department of Energy, Washington, DC (1989) [135]
Study overview

Scope

Pulverized Coal, AFBC, IGCC, Oil, Natural Gas, BWR,Wood, OTEC, Geothermal, Hydro
(large, small), Wind, Photovoltaic, Solar Thermal

Major
Assumptions

option

net output
capacity factor [%1
efficiency \%\
[MW(e)]
coal (conv.)
500
80
N.I.
N.I.
AFBC
500
80
IGCC
945
80
38.3
N.I.
oil
800
55
natural gas
800
55
N.I.
BWR
1000
70
34 t U/a
N.I.
wood
N.I.
N.I.
N.I.
OTEC
N.I.
N. .
N.I.
geothermal
N.I.
N. .
N.I.
hydro (large)
N.I.
N. .
hydro (small)
N.I.
N. .
N.I.
N.I.
wind
N.I.
N. .
photovoltaic
100
24
15
N.I.
solar thermal
N.I.
N.I.
N.I.: not indicated
plant lifetime: 30 years

Other
Assumptions

Illinois No.4 coal (9% ash, 3% moisture, 2% sulfur)
# 6 residual fuel oil
investigated stages: fuel extraction, construction, operation

Calculation
Methodology

process analysis of CO2 impacts

Major Results

the results of CO2 emissions [metric tons per GW • h ]
technology
coal (conv.)
AFBC
IGCC
oil
natural gas
OTEC
geothermal

hydro (small)
BWR
wind
photovoltaic
solar thermal
hydro (large)
wood
Remarks

(2)

fuel extract

construction

1.0
1.0
1.0
1.0
1.0
1.0
N.A. 3.7

operation

total

962.0
960.9
748.9
726.2
484.0
300.0

964.0
962.0
750.9
726.2
484.0
304.0
0.3
1.0
55.556.8
N.A.
10.0 N.A. 10.0
1.5
1.0
5.3
7.8
7.4
N.A.
7.4
N.A.
N.A.
5.4
N.A. 5.4
N.A.
3.6
N.A. 3.6
N.A.
3.1
N.A. 3.1
-1509.1
2.9
1346.3
-159.9

in the report renewable energy CO2 displacement projections are presented based on
the DOE long-range energy projection to 2010

Summary of the study

This report builds upon the earlier study by expanding the number of energy technologies
compared. It is assumed that no emissions occur during plant operation from hydro-power, wind,
photovoltaic, and solar thermal technologies.
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Geothermal field development and well drilling activities emit minor amounts of CO2 . Biomass
energy can produce net reductions in CO2 over the life of the facility assuming that fuel is extracted
from a sustainable, managed source of biomass such as a short-rotation, intensive-culture wood
plantation. Among the renewable energy technologies, the OTEC plant has the highest emissions
during operation, about 304 tons of CO2 per GW- h . A closed-cycle system would dramatically
reduce the release of entrained gas in the seawater.
The potential macro impacts of renewable energy technology deployment are also addressed in
the report based on a DOE projection of energy supply and demand to 2010. In order to determine
the potential contribution of renewable energy technologies in displacing future CO2 emissions,
originating from fossil-fired power plants, fossil-fired electric generating systems are compared with
renewable energy systems with similar operating characteristics.

By the year 2010, over a period of 24 years, non-fossil and non-nuclear energy technologies
are projected to have displaced over 8.5 billion metric tons of CO2. The amounts of CO2 displaced
in 1986, 2000 and 2010 are given below:
Net CO2 displaced by each technology
[in millions of metric tons]
1986

2000

2010

215.2
14.7
0.9
0.0

278.3
46.1
4.4
0.4

296.5
80.5
7.3
2.8

0.0
0.0
0.0

2.4
2.4
22.0

6.6
43.2
70.0

230.8

356.0

506.9

Baseload renewables
Hydropower
Geothermal
Biomass
Ocean thermal
Peaking renewables
Solar thermal
Photovoltaic
Wind power
Total

In this study, the steel and concrete requirements for a conceptual design of a large (100 MWp)
PV system were analyzed. Assuming thin-film modules with an efficiency of 15% and
2000 kW- h/m2 and year of insolation, the amount of CO2 emitted is 0.005 kg CO2/kW(e)/h. Details
about the design and the method used, are lacking. The numbers provided in the study may be
considered an estimate of those typical for (mid-term) future systems, but probably need revision in
view of the detailed studies performed more recently. It should be noted that the study is based on
information on very large systems with very efficient thin-film modules.
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XXIII.

(1)

Hagedorn, G., "Kumulierter Energieverbrauch und Erntefaktoren von
Photovoltaikanlagen" (1989), "Hidden Energy in Solar Cells and Photovoltaic Power
Stations" (1990), "Kumulierter Energieaufwand und Unweltrelevanz von
Photovoltaikanlagen" (1992) [136, 138, 158]

Study overview

Scope

- monocrystalline silicon (c-Si)
- polycrystalline silicon (p-Si)
- amorphous silicon (a-Si)
(case I) production volume 2 MWp
PV power station size 300 kWp
(cell efficiency c-Si 14%, p-Si 12%, a-Si 6%)
(case II) production volume 25 MWp
PV power station size 1500 kWp
(cell efficiency c-Si 15.5%, p-Si 13.5%, a-Si 8%)
(case A) irradiation 1000 kWh/m2 and year
(case B) irradiation 2000 kWh/m2 and year

Major
Assumptions

Other
Assumptions

-

overall efficiency
overall efficiency
overall efficiency
overall efficiency

Calculation
Methodology

- process analysis

for generating electricity in industry 40%
for fuel supply 85 %
for non-energetic energy consumption 80%
for generating electricity 35 % (mean value Germany)

Major Results

case IA
case IIA
case IB
case IIB
case IA
case IIA
case IB
case IIB
case I A
case IIA
case IB
case IIB
Remarks
(2)

c-Si
c-Si
c-Si
c-Si
p-Si
p-Si
p-Si
p-Si
a-Si
a-Si
a-Si
a-Si

payback times

System emission

months

CO2/kW(e).h

85
52
43
26
83
37
42
19
60
31
30
16

0.25
0.15
0.13
0.07
0.25
0.11
0.12
0.05
0.17
0.10
0.09
0.05

system lifetime estimated to be 20-30 years

Summary of the study

This study analyzed energy requirements and CO2 emissions of PV systems that where
considered the technologies available at that time, i.e. 1989, as well as those expected to
commercialize in the near future.
The process analysis approach was used for analyzing three different PV technologies. In order
to obtain data for large-scale production, relevant data on individual series were extrapolated. Energy
and CO2 requirements are to be considered as upper limits for future technologies.
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The energy requirement in PV processes need to be derived on the following levels:
exploitation and preparation of raw materials;
process energy;
hidden energy of input materials;
production equipment;
production facilities.

Factors not included are: maintenance, repair and decommissioning of the plant after its 20-30
years lifetime. Maintenance and repair are normally considered of minor importance for PV-systems.
The energy requirements for decommissioning still need to be elaborated. One may note, however,
that the silicon-based PV technologies as discussed in this study are probably favoured over (for
instance) cadmium-telluride or gallium-arsenide-based technologies.
Although the study is very detailed as far as cell and module manufacturing is concerned, it
provides rather limited information on the subject of the balance-of-system (BOS). The systems
considered are ground-based medium sized systems (300-1500 kWp). Therefore the results cannot
be used directly for small size (typically 1-10 kWp) integrated systems, which are expected to play
an important role in densely populated areas.
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XXIV.

(1)

Weis, M., Kienle, F., Hortmann, W., "Kernenergie und CO2: Energieaufwand und
CO2-Emissionen bei der Brennstoffgewinnung" (1990) ("Nuclear Energy and CO2:
Energy Requirements and CO2 Emissions of the Fuel Production") [144]

Study overview

Scope

nuclear fuel production

Major
Assumptions

process steps: mining, concentrating, enrichment, fuel fabrication
only direct energy requirements are taken into account

Other
Assumptions

3300 t natural uranium per year for German nuclear power plants with
23.6 GW installed capacity
no data are provided for the load factor of German nuclear power
plants

Calculation
Methodology

energy requirements are determined according to various sources
related CO2-emissions are calculated using average values for base-load
electricity

Major Results
Energy requirements
[MWh/tlLJ
CO2-emissions
[tCCytUU

MIN

CNV

ENR

FUEL TOTAL

59

7

310

7

383

47

<7

140

3

197

27200

600

38 300

for typical LWR (1300 MW)
[tCO2/a]
9100 <1400

MIN: Mining and concentration CNV: Conversion
ENR: Enrichment
FUEL: Fuel fabrication
Remarks

(2)

Summary of the study

The study aims at the evaluation of the CO2-emissions along the upstream nuclear fuel chain
facilities for nuclear power plants in Germany. Therefore, the energy requirements and related CO2
emissions needed to be estimated at each level of the fuel chain disregarding the actual place of
origin. For example, the uranium supplies are from Australia, Canada and South Africa, which
implies that the country specific energy requirements and related CO2 emissions occurring during

mining needed to be considered. For the conversion process, data provided by plant manufacturers
show a sharp drop in the energy intensity since the 1970s (from 50 kW- h/kg U3O8 to 7 kW- h/kg
U3O8). The energy requirements for enrichment were calculated based on information provided by
six enrichment facilities. Electricity requirements for fuel fabrication were assumed to be 25 kW- h
per kg of enriched U; oil requirements were assumed at 16 kW- h per kg of enriched U.
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XXV.
(1)

Grum-Schwensen, E., "The Real Cost of Wind Turbine Construction" (1990) [143]
Study overview

Scope

95 kW Tellus turbine

Major

turbine yield 210.000 kW(e)- h/a (average measured number)
equivalent continuous power 24 kW

Assumptions
Other
Assumptions

not given

Calculation
Methodology

process analysis

Major Results

system energy input* and payback time:
2400 kW • h/kW / 3 . 3 months

Remarks

(2)

Calculated in kW- h/kW, in which the energy input is expressed as
equivalent electrical energy and the power is the equivalent continuous
power

Summary of the study

The report presents the result for a 'typical' Danish turbine, of which 6 have been installed in
a small park. A further 122 wind generators are installed in other locations.
Although the approach appears slightly less detailed than that of Hagedorn (XXX), the results
of both approaches are comparable. If the system's energy output of 2400 kW- h/kW is converted
to primary energy using and efficiency ratio of 40% for electricity generation, a value of
6000 kW- h/kW is obtained. This is in the lower range of Hagedorn's numbers for a 7 m/s wind
speed location, which seems reasonable for Denmark.
It should be noted that the paper gives very little background information.
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XXVI. Kreith, F., Norton, P., "The Potential of Renewable Energy to Reduce Carbon Dioxide
Emissions" (1990), Kreith F., Norton P., Land T., "The Potential of Solar, Renewable,
and Energy Conservation Systems to Reduce Global Warming" (1991) [139, 155]
(1)

Study overview

Not applicable.
(2)

Summary of the study

In this study, the attempt was made to compare different fossil and renewable energy
technologies on a basis of their CO2 emissions. Although using results of earlier studies (for instance,
San Martin [135]), the calculations were updated using 1991 economic data on existing PV plants and
conceptual designs. The papers give little in-depth information on the assumptions in the various
studies and calculations and on the details of the methods used.
Some results presented in the paper are given below (assumptions: lifetime 30 years and
Southern USA irradiation of approx. 2000 kW- h/m2 and year):

0.006-0.031 kg CO2/kW(e)- h for conceptual large (100 MWp) central PV systems;
0.359-0.370 kg CO2/kW(e)- h for actual small to medium size (10-300 kWp) systems.
(The latter numbers refer to a 1982 residential system with storage and a prototype concentrator
system).
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XXVII. Mortimer, N.D., "Energy Analysis of Renewable Energy Sources" (1991) [146]

(1)

Study overview

Not applicable.
(2)

Summary of the study

In the study the use of large PV systems in space is discussed. The information provided refers
to 1979-1981 data and might have no relevance for today's technology or for the type of renewable
energy systems considered in the present framework.
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XXVIII.
(1)

Palz, W., Zibetta, H., "Energy Pay-back Time of Photovoltaic Modules11 (1991) [154]

Study overview

Scope

- poly crystalline silicon (p-Si)
- amorphous silicon (a-Si)
-

(case I) cast p-Si, module efficiency 12%
(case II) a-Si, module efficiency 6%
(case A) irradiation 1100 kW- h/m2 and year
(case B) irradiation 1400 kW- h/m2 and year
(case C) irradiation 1900 kW- h/m2 and year

Other
Assumptions

not given

Calculation
Methodology

process analysis

Major Results

module energy pay-back times

(case IA)
(case IB)
(case 1C)
(case IIA)
(case IIB)
(case IIC)
Remarks

(2)

p-Si:
p-Si:
p-Si:
a-Si:
a-Si:
a-Si:

32 months
25 months
19 months
19 months
14 months
11 months

system energy payback times are not given
module efficiencies are total-area efficiencies
electrical yields have been calculated using module efficiencies and a
system quality factor of 0.65
module lifetime is estimated to be 20-30 years

Summary of the study

The energy requirements to produce p-Si and a-Si PV modules were analyzed, based on
commercial production in France in 1990. The process analysis approach is applied, but detailed
information is lacking. The analysis takes into account both primary and secondary energy
consumption (e.g. heating and lighting).

It is important to note that the results in this study form an absolute upper limit to the
requirements of future technologies, since large improvements can be expected.
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XXIX. Uchiyama, Y., Yamamoto, H., "Energy Analysis of Power Generation Plants" (1991);
Uchiyama, Y., "Total System Analysis of Greenhouse Effect from Power Generation
Plants" (1992) [145,
157]
(1)

Study overview
Scope

BWR (once-through, recycle), Oil, LNG, Coal , Small hydro, Geothermal, Wind, Wave,
Tidal, OTEC, Solar thermal, Photovoltaic
option

gross output
[MW(e)]

capacity factor
[%]

aux. power
[MW(e)]

1000
1000
1000
1000
1000
10
10
0.1
1
3
2.5
5
1

75
75
75
75
75
45
60
35
25
40
80
30
15

3.4
3.4
6.1
3.5
7.4
0.25
7
10
30
30
50
5
5

BWR

once-through
recycle
Oil
LNG
Coal
Small hydro
Geothermal
Wind
Wave
Tidal
OTEC
Solar thermal
Photovoltaic
plant lifetime: 30 years
Other
Assumptions
Calculation
Methodology
Major Results

electricity conversion factors are 2250 kcal/kW- h and 860 kcal/kW- h
process analysis
energy intensities are calculated based on I/O table and various statistical data
option

BWR (once-through)
gas diffusion
centrifugal
BWR (recycle)
gas diffusion
centrifugal
Oil
LNG
Coal
Small hydro

Geothermal
Wind
Wave
Tidal
OTEC
Solar thermal
Photovoltaic
Remarks

(2)

energy ratio
RI
R3

CO, emission factor
[gC/kW-h]

4.0
10.5
18.0 47.1
6.2
16.3
21.2
55.5
7.9
20.7
2.1
5.6
6.4
16.8
15.3
40.0
6.8
17.8
3.9
10.1
1.9
5.1
2.5
6.5
1.8
4.9
1.6
4.2
0.9
2.3

11.6
3.8
8.5
3.3
200.2
177.7
269.8
5.6

11.4
20.3
41.5
34.8
36.0
61.8
54.9

advanced technologies to improve energy analysis and reduce CO2 emission are also
discussed in the reports.
CO2 reduction costs of electricity generation systems are also calculated for nuclear,
renewable and CO2 recovery technologies

Summary of the study

The latter paper aims to clarify life cycle analysis of greenhouse gas emissions from different
power generation plants based on the process energy analysis method.
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The analyzed technologies are commercial plants using fossil, nuclear and renewable energies.
They are investigated on total energy processes through their processing, transportation and use in
power plants, the dismantling of power plants, to management and disposal of wastes.

Output/input energy ratio and net energy supply during the plant life of 30 years were
estimated. CO2 emissions of different power generation plants were calculated on the basis of the
results of the energy analysis. The CO2 emission analysis also includes the greenhouse gas impacts
of methane gas leakage from mining and reacted CO2 from cement production.
LARGE SCALE POWER GENERATION TECHNOLOGIES

(plant lifetime: 30 years)
Coal-fired

Oil-fired

LNG-fuelled

PWR

1000

1000

1000

1000

Capacity factor [%]

75

75

75

75

Auxiliary power in-house
consumption rate [%]

7.4

6.1

3.5

3.4

Electricity generated [GW1
h /a]

6084

6169

6340

6347

14488

14488

14488

16866

Fuel extraction [Tcal/a]

6.9

10.7

4.3

Transportation [Tcal/a]

8.4

5.7

10.6

0.0

748.4

582.2

582.2

967.4

387.4

160.7

2070.0

0.6

Power plant
Plant capacity [MW]

Fuel [Tcal/a]
Capital energy

Plant [Teal]
Operational energy [Tcal/a]

Fuel extraction

(liquefaction)

Oil-refining

314.2

Milling

24.1

Conversion

12.9

Enrichment

697.5

Fabrication

4.8

Transportation

333.3

129.2

410.9

0.3

Generation

37.4

29.1

29.1

48.4

Energy payback time [a]

0.09

0.08

0.09

0.07

Energy ratio [R3]

17.15

20.75

5.61

17.40

171 871

176 157

156 278

179 455

Net energy balance [GW- h]
Note:

Energy pay-back time = [capital energy for plant + operational energy x 30 years]/[electricity produced - operational energy].
Energy ratio = electricity produced x 30 y ears/[capital energy except for plant x 30 years + capital energy for plant +
operational energy x 30 years].
Net Energy Balance = electricity produced x 30 years - [capital energy except for plant x 30 years + capital energy for plant

+ operational energy x 30 years].
Energy pay-back time = [capital energy for plant + operational energy x 30 years]/[electricity produced - operational energy].
Energy ratio = electricity produced x 30 years/[capital energy except for plant x 30 years + capital energy for plant +
operational energy x 30 years).
Net energy balance = electricity produced X 30 years - [capital energy except for plant x 30 years + capital energy for plant
+ operational energy x 30 years].
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RENEWABLE ENERGY SYSTEMS

(system plant lifetime: 30 years)
Small
Hydro

Géothermal

Wind
power

Wave
power

Tidal
power

OTEC

Solar
thermal
(central
receiver)

Solar thermal
(Cylindrical
concentrator

Photovoltaic

Plant capacity
[kW]

10000

10000

100

1000

3000

2500

5000

5000

1000

Capacity factor
[%]

45

60

35

25

40

80

30

30

15

0.25

7

10

30

30

50

5

5

5

39321

48 881

276

1533

7358

8760

12483

12483

1248

17394

26825

894

8923

36038

59284

114419

186 451

20544

579

1404

190

1092

3646

5504

10989

77 189

3743

31 677

8657

42

415

287

10234

15 776

12738

1010

1462

1304

69

990

1110

7548

12 192

1369

240

Operational
energy [Gcal/a]

511

4919

22

301

1195

1288

1534

2778

255

Energy payback
time [year]

0.58

0.36

1.99

3.63

2.67

4.48

5.78

10.97

10.00

Energy ratio [R3]

39.96

17.76

10.08

5.06

6.46

4.88

4.23

2.33

2.54

Net Energy
Balance [MW.h]

1 150 110

1 150 110

7456

34564

186 556

208 929

288 540

214011

22694

Auxiliary power
in-house
consumption rate
[%]
Electricity

produced
(sending end)
[MW- h/a]
Capital energy
[Gcal]
Material
Manufacturing
Construction

Transportation

Note:

Energy pay-back time = [capital energy]/[electricity produced - operational energy].
Energy ratio = electricity produced x 30 years/[capital energy + operational energy x 30 years].
Net energy balance = electricity produced x 30 years - [capital energy + operational energy x 30 years].

The results of the comparative assessment on different generation systems can be summarized
as follows:
(1)
(2)

(3)
(4)
(5)

Nuclear and fossil fired power plants are net energy producers and are capable of supplying
large amounts of electricity.
Among renewable energy technologies, hydro and geothermal power plants are superior on the
basis of energy analysis because of their higher energy density.
CO2 emission from fossil fuel burning is the most dominant if it is compared with the indirect
CO2 emissions from construction and operation of fuel process and generation facilities.
CO2 emissions per kW- h of nuclear and renewable energy plants are considerably less than
those of fossil power plants. Nuclear and hydro power plants are the lowest CO2 emitters per
kW' h among the generation technologies analyzed.
CO2 emissions of a nuclear plant is highly affected by uranium enrichment process: the CO2
emission per kW- h of gas diffusion enrichment process is approximately three times as high
as that of centrifuge process.
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XXX.

(1)

Hagedorn, G., "Kumulierter Energieverbrauch und Erntefaktoren von
Windkraftanlagen" (1992) ("Cumulative Energy Use and Harvest Factors of Wind
Turbines") [159]
Study overview

Scope

- a wide variety of wind turbines in different size classes:

Major
Assumption

-

Other
Assumptions

-

Calculation
Methodology

- process analysis

(case I)
average wind speed at 10 m = 7.0 m/s
(case II)
average wind speed at 10 m = 5.5 m/s
(case III) average wind speed at 10 m = 4.0 m/s
availability 95%
series production in one shift, at full capacity (50-60 MW/a)

overall efficiency for generating electricity 35 %
overall efficiency for fuel supply 85%
overall efficiency for non-energetic energy consumption 80%
for powers < 300 kW direct grid connection, for powers > 300 kW
connection through transformer into grid
- installation at normal soil (using flat foundation, 200 kW/m2)

system energy input*
(calculated back to primary energy)

Major Results

Remarks

(2)

payback time

(case I)

5000-15 000 kW- h/kW

2.5-7.5 months

(case II)

7500-22 500 kW- h/kW

3.8-11.4 months

(case III)

12 500-45 000 kW-h/kW

6.3-22.7 months

- * in kW- h/kW, in which the power includes the site-specific capacity
factor (yielding equivalent continuous power)
- system lifetime estimated to be 20 years

Summary of the study

This detailed study of energy requirements covers a large range of presently available (1992)
wind turbines most of which are conventional but some are in the development stage. For the future,
it is assumed that wind turbines will be manufactured in larger volumes.

37 different types of wind existing wind turbines were analyzed.
The energy requirements were calculated for the:
exploitation and preparation of raw materials;
process energy;
hidden energy of input materials;
production equipment;
production facilities.
Factors not included are: maintenance, repair and decommissioning of the system after its
lifetime.
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It is interesting to note that the variation in energy pay-back times for the whole range of
turbines (10 kW-30 MW) is smaller than the difference between the average values of the energy
pay-back time for the different locations. In other words: a wide range of turbine sizes and designs
yields a rather narrow range of payback times, while the location (average wind speed) is a key factor
in the energy payback time.

The typical energy requirement distribution for a small (33 kW) turbine is:
foundation
tower
rotor
mechanical drive train
nacelle
electrical system
grid connection

23%
22%
12%
28%
3%
9%
3%

TOTAL

100%

Of this total, 73% is related to fossil fuel input, 19% electricity, and 8% non-energetic use.
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XXXI. Lysen, E.H., et al., "The Feasibility of Biomass Production for the Netherlands Energy
Economy" (1992) [160]
(1)

Study overview

Scope

-

Major
Assumptions

- yield 180 GJ/ha/a (1991)
- yield 270 GJ/ha/a (2000)

Other
Assumptions

-

Calculation
Methodology

-

Major Results

Output/input ratios (using equivalent energy values):
- (case I)
10.0
- (case II)
15.1
- (case III) 15.1

Remarks

none

(2)

gasification
(case I)
(case II)
(case III)

(as favourable option)
poplar - 1991 situation
poplar - 2000 situation
miscanthus - 2000 situation

conversion efficiency of electricity generation from biomass: 42% for
gasifier/combined cycle
- conversion efficiency of electricity generation from fossil fuel: 40%
process analysis

Summary of the study

The results given in the study are site specific and cannot be used for other locations as such.
They may be used, however, as an example.

Different options for biomass production and use were analyzed for the Netherlands. For
electricity generation, the gasification/combined cycle is considered. The crops discussed are those
with a relatively low specific energy requirement.
All relevant factors in biomass production were taken into account: land preparation, fertilizer,
pesticides, harvesting, transportation, chipping, etc.

The study concludes that biomass is not a CO2-neutral option for electricity generation
(assuming that the input energy comes from fossil sources), but that an output-input ratio of approx.
15 should be possible in near future.
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XXXII. Born, P., "CO2-neutrale Energieträger aus Biomasse" (1992) [161]
(1)

Study overview

Scope

-

gasification (as favourable option)
(case I) wood
(case II) miscanthus

Major
Assumptions

-

(case I) yield « 315 GJ/ha/a
(case II) yield ~ 375 GJ/ha/a

Other
Assumptions

N.A.

Calculation
Methodology

-

Major Results

Output/input ratios (production of heat):

-

(easel) 18.5
(case II) 12.2

-

CO2 emissions when used for production of heat:
approx. 0.02 kg CO2/kW(th).h

Remarks

(2)

process analysis

none

Summary of the study

Since only the gasification process is presented, no information on electricity production is
provided.
This study is consistent with the study No. XXXI in the sense that the emissions are a factor
of 10-20 lower than those typical for the use of fossil fuels, assuming comparable conversion
efficiencies for electricity generation. Further conclusions cannot be drawn because of the lack of
detailed information.

Next page(s) left blank
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Chapter 4
REVIEW OF NET ENERGY ANALYSIS STUDIES
4.1. PRINCIPAL OBSERVATIONS FROM THE PAST STUDIES

In the studies reviewed, net energy analysis is applied to nuclear power plants with various
reactor types, fossil-fuelled power plants, and to conventional and new renewable energy systems for
electricity generation. A summary on energy requirements and energy ratios is presented in
Tables II-IV.
4.1.1. Energy requirements of electricity generation technologies

Table II presents the results of the studies on energy requirements for construction, initial core
and annual fuel supply of various types of nuclear power plants, conventional fossil fueled power
plants, and renewable energies. Apparently, not all authors present their data in a desirable form;
differences in the framework of the analyses render large discrepancies among the study results.
Furthermore, differences in national economies, variety of methods for calculating the energy
requirements, etc. are causes for some incomparabilities. However, recognizing the methodological
variety and different assumptions of studies made, some conclusions may be drawn.

Based on the energy requirement data set, large-scale electricity generation technologies
including conventional fossil fueled and nuclear power plants require relatively smaller energy per
unit output capacity for construction than renewable energy systems. For these technologies, energy
required for operating fuel chain processes is considerably larger (about 80%) than energy required
for plant construction. This fact indicates that accuracy improvements in data on construction and
equipment manufacturing processes would not necessarily improve the reliability of the results of net
energy analysis of large scale electricity generation technologies.
By nature, operation-related energy inputs increase as lifetime expands, while energy
requirements for construction do not depend on the life span. Thus, technology options with high
energy requirements for constructing the plants tend to improve energy balance along the plants' life
span. Therefore, to improve the renewable energy systems' net energy balance, it is important to
materialize a long lifetime, as well as to advance the technology itself and to reduce the overall
material use.
4.1.2. Net energy analysis of nuclear power and other electricity generation technologies

In Chapter 2, the difficulties to equate electricity input and output in their appropriate thermal
equivalent were discussed. The usage of energy ratios for comparing different systems must be
treated with caution as well. Due to the uncertainties involved, the energy ratio should be considered
only as order-of-magnitude estimate and not as a universal figure. To compare the performances of
different power generation systems, an R3 definition (as defined in Section 2.3) or the ratio of the
electrical output divided by the equivalent electrical input subsidy would be relevant.

For nuclear power, the following observations can be made based on the net energy analysis
in terms of energy ratio:

In nuclear power generation systems, the amount of output energy produced (in an electrical
form) is much larger than the corresponding energy input. Comparing different electricity generation
technologies (Tables III, IV), it can be shown that the energy ratio for nuclear power plants using
uranium enriched by the gaseous diffusion process are almost in the same range (10-20 in an R3
definition) as those of conventional large scale power technologies. When using a centrifuge
enrichment process, nuclear power as well as small hydro power system show advantages over all
other sources.
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TABLE 0. SET OF ENERGY REQUIREMENTS DATA (No. 1)
oo
oo

Chapman"*1

Studiei
Technologie«

Corutruction
IMWh/MW]

Construction

Refuelling
[MW]

Initial core
[MWh/MW]

SGHWR

3064
3370»

819,,
215»

23.4

PWR

270.,
2975»

1428.,

49.2
27.8

299»

Initial core

Construction
[MWh/MW]

[MWh/MWa]

Refuelling
[MWh/MWa]

[MWh/MW]

8.8W

300»

73,,

Refuelling

Initial core
[MWh/MW]

[MWh/MW]

483.,
5309»

Mignox

Hill et.al."4-*!

Kolb et.al-»"

'1940

774,

181»

d

570.,
3300»

800.,
250»

300.,
70»

900.,
6200»

40W

115»

30.,
100»

1165

2635
'385

°215

BWR

AGR

348,,
3833»

1309,,
315»

31.8

CANDU

306.,
3370»

1456»

3.2

290j

629.,
111»

42.6

2725

'1990
=290

'800
^200

FBR

4000

7.5

12.5

1050.,
4150»

-

7„
10»

COALPP

2400

850

470,,
1900»

-

22000»

HTGR

3195»

OILPP
Gai- turbine
Co-generation
Combined cycle

HYDRO PP
WINDPP
SOLAR PP

Remarks

- 1000 MW
- 62% capacity factor
- enrichment for PWR

3.3%
2.656

- 0.2% ore for NPP
- 0.02% ore cases omitted
- d for gaseous diffusion
- c for centrifuge process

- other case» omitted

N.B.„ anda respectively distinguish between electric and thermal energy subsidies where possible.

- 1000MW
- 100% capacity factor!
- high grade ore

TABLE n. SET OF ENERGY REQUIREMENTS DATA (No. 2)
Moraw et.al.1"'52-571

Studies

Technologies

Construction
[MWh/MW]

Initial core
[MWh/MW]

Wagner17"

Refuelling

Construction

[MWh/MWa]

[MWh/MW]

Jcnsch"3"!
Refuelling
[MWh/MWa]

Initial core
[MWh/MW]

Hagedorn"591

Construction

Construction
[MWh/MW]

[MWh/MW]

Magnox
SGHWR
PWR

3.0%

2.3%

3.1%

2.1%
LWR: 3800

0.9%
LWR: 780

LWR: 270

2.0%

2.1%

1.0»

1.9%

LWR
2160

HTGR

2.3%

2.0%

2.0%

2555

FBR

2.6%

2.2%

1.2%

2680

COALPP

3920

-

456

1540

BWR

LWR
*2300
H410

LWR
"1360
"250

d

d

LWR
1300

AGR

CANDU

OILPP

1.3»

0.1-1.5%

3.6-42.8%

4880
C
670
20

30

-

950

1400-2000

"*

Gas-tuibine

100-500

Co-generation

300-700

Combined cycle

30CWOO

HYDRO PP

2.3%
4410-12691

0%

6000-10000

0%

WIND PP

SOLAR PP
Remarks
oo

1500
«220

2000-3500

9.4%

0%

- % as energy requirement in percent of total energy output
during lifetime

(7m/s) 5000-15000
(5.5m/s) 7500-22500
(4m/s) 12500-45000

9000-50000

0%

- 1300 MW for NPP, 2x650 MW for coal
- d for diffusion
- c for centrifuge process

- lifetime 20 years

maintenance &
repair excluded

TABLE m. ORIGINAL ENERGY RATIO

ERDA'43'

Chapman "21

MAGNOX

12.1-18.1

SGHWR

9.2-13.2

PWR

«»8.2-12.2
- *12.6-18.6

Herendeen«^'*51

OT:3.83

2 6

ORAU[421

Inst. Pol. Sei.1431

OT: 15.4

OT:46.1
RC-.50.1

RC-.20.2

BWR

16.4

RRIC02]

OT:43.0
RC:44.8

Uchiyama t«""->«v«]

8.5-12.5

CANDU

9.1-13.1

HWR
28.1

HTGR

12.8-18.8

19.0

10.0-15.1

(12.2-18.5)

R3

R3 heat production

55.5

34.4

COAL

14.2

16.8

OIL

13.6

20.7

GAS

LNG
4.15

LNG

Small
HYDRO

GEOTHERMAL

Born »61>

OT:' 10.5
C
47.1
RC:« 16.3
C

AGR

Lysen M-t!- (1<SD1

5.6

16.0-40.6

40.0

13.2-18.7

17.8

5.2-12.0

10.1

Ho(D yRod

' <1.3-5.0> 10-16
Go Ie 1OTd
°P " 2.0-3.8
Vac« dcOHMwdQ 1*7

WIND

^2.3

SOLAR

Tlcrm*! A 9

WAVE

2.7-9.8

5.1

TIDAL

4.1-8.6

6.5

OTEC

2.1-5.0

4.9

BIOMASS
REMARKS

Energy ratio defined as Rl

R3

R3

R3 10-30 yr.life time

R3

TABLE IV. ADJUSTED ENERGY RATIO

Studies
Methodology

Chapman"21

ERDA<43'

Oak Ridge'421

Inst. of Pol. Sei.'115'

CRIEPI[H5)

Process

I/O analysis

I/O analysis

Process approach

Process approach

approach
Enrichment process

Gas diffusion

Gas diffusion

Gas diffusion

Centrifuge process

Waste disposal

Disposal (no
monitoring)

Disposal (no

Disposal (no monitoring)

Ground storage (100 years)
Energy inputs after geologic
disposal are not reckoned.

Geologic disposal

25 years

30 years

30 years

30 years

30 years

62%

61%

75%

70%

75%

Rl

Rl

Life time

Capacity factor
Nuclear Power Technologies
BWR (OT)
BWR(RC)
PWR(OT)
PWR (RC)
CANDU
HWR
HTGR
Magnox
AGR

10.211.1
11.2
15.8
15.1
• 10.5

16.5

monitoring)

3.83

Rl

R3

Rl

R3

Rl

R3

Rl

R3

4.89

16.35

47.05
55.47

4.03
6.23

10.54
16.29

15.35

42.99
44.80
46.11
50.07
34.39

17.98
21.20

4.60

15.09
15.73
16.18
17.57
12.07

8.41
5.56

28.09
19.01

Process approach

Process approach
Other technologies

Gas diffusion

Centrifuge process

Rl

R3

Rl

R3

Coal

4.99

14.21

6.41

16.76

Oil

4.79

13.63

7.90

20.68

LNG

1.46

4.15

2.14

5.60

Rl = 860 kcal/kWh*Output electricity / [Input primary energy + 2250 kcal/kWh*Input electricity]
R3 = 2250 kcal/kWh*Output electricity / [Input primary energy + 2250 kcal/kWh*Input electricity]
OT = once through cycle

RC = plutonium recycle

The energy ratio of a nuclear power plant is strongly influenced by the uranium enrichment
process; for example the centrifuge enrichment process yields a higher energy ratio than the diffusion
process. Past studies in late 1970s and early 1980s show that energy ratio is rather low. There are
two reasons why the energy ratio is rather low in these earlier studies: one, the gaseous diffusion
process was employed for uranium enrichment and the other, a larger conversion factor of electricity
into thermal energy was applied. For example, the ERDA 1976 study indicates that input energy for
gas diffusion enrichment accounts for 91 % of the total input energy. A centrifuge enrichment process
sharply decreases electricity requirements, down to one-tenth to one-twentieth ofthat for enrichment
by gaseous diffusion, implying a far better energy balance. The conversion factors of
3440 kcal/kW- h (Chapman 1974), or 2872 kcal/kW- h (ORAU 1974, ERDA 1976) were applied,
compared with today's value of 2250 kcal/kW- h (CRIEPI 1992).
Some net energy analyses on nuclear energy are based on the once-through nuclear fuel cycle
and others on the plutonium recycle process. In terms of the energy ratio, the plutonium recycle

process yields better results than those of the once-through nuclear fuel cycle because of smaller fuel
requirements, in particular in the uranium enrichment process.
For electricity generation technologies in general, oil fired, coal fired, nuclear, small hydro and
geothermal power plants proved to be positive energy producers. These systems employ energy

sources with relatively high densities.

LNG fuelled power plants are large-scaled but employ

relatively low density energy source, i.e. natural gas, so that the degree of net energy production is

somewhat behind other large-scale electricity generation technologies. This is due to heavy
requirements of energy for natural gas extraction and for liquefaction. For renewable energy systems,
many are characterized by a low energy density, i.e. relatively large system areas or sizes were
needed to generate a certain amount of energy. Therefore the advantage of renewable energy, namely

the absence of fuel consumption during operation, is partly offset by the energy used to produce the
primary energy source itself.
Net energy balance supplied to the power grid has shown that, when compared on the same
capacity basis, in general, large scale power plants including an LNG fuelled power plant can provide
larger amount of electricity than renewable energy systems during their lifetime. This may be due
to lower capacity factors and larger requirements for auxiliary in-house power in case of renewable
energy systems. For renewable energy system with intermittent characteristics in a grid integrated
system, capacity credit issue would become another concern [165].
In terms of the energy payback time, large-scale type commercial power plants are generally
found having a relative short payback period. For hydro, geothermal and favourably conditioned
wind power plants, the payback time is usually less than 1 year, other renewable energy systems have
a longer payback time. For developing renewable energy systems, future technology developments
are expected to improve the net energy balance.

4.1.3. Net energy analysis of renewable energy systems
Since many renewable energy systems are still in a development stage, a conclusive net energy
analysis is difficult to perform. Technologies change rapidly and values obtained for present-day

systems may not be relevant for future large-scale applications. In some studies this problem has been
treated by extrapolating present information on technologies into the future or by defining some kind
of 'ultimate system'. Although this introduces uncertainties, it certainly is useful to compare with
mature fossil and nuclear technologies.
Among new renewable energies, photovoltaic solar energy (PV), wind energy and biomass have
been identified as 'rapid growers' with a high (global) potential [164]. The energy yield of these
renewable energy systems is often discussed in terms of their energy payback time.
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Although early PV-systerns were quoted as being net energy consumers, information on presentday and near future PV-systems indicates that this is no longer the case [107, 136, 138, 154, 155,
158].
Among reviewed studies, the energy payback time for W-modules is calculated to vary between
less than 1 and about 6 years (for yearly insolation levels of approximately 1400 kW- h/m2). A
payback time of 6 years is derived, assuming a small photovoltaic system (2 MWp) using singlecrystal silicon cells, and a one-shift basis (worst case for present-day technology). The energy
payback time of one year refers to a large PV-system (25 MWp) based on amorphous-silicon-based
modules and a four-shift basis (extrapolated from present-day technology). Typical payback values
for actual production (1992) are 1 to 2 years for amorphous silicon and polycrystalline silicon,
respectively. The payback time for grid-connected PV-systems is that of the modules plus an
additional 0.5 to 1 years for the other system parts. It is expected that mid-term future PV-technology
will yield systems with an overall energy payback time of roughly 1 year. Another study [145]
showed much longer energy payback time of 10 years for PV system. These numbers hold for
present-day or near-future technology and central systems; for roof-mounted domestic systems
accurate numbers are yet to be determined.
Today's wind energy systems are probably closer to what one might call 'the ultimate
technology' than today's PV systems, although wind turbines are still being improved continuously.
Despite past discussions on whether wind turbines are net energy producers or not, recent studies
indicate that wind turbines have an energy payback time much shorter than their (expected) lifetime.
For a wide range of turbine types and sizes the energy payback time for present-day wind
turbines is found to vary between 2.5 and 7.5 months (for favorable 7.0 m/s wind speed locations)
and between 6.3 and 22.7 months (for less favorable 4.0 m/s wind speed locations), given that turbine
production takes place in large volumes [145].
For biomass energy, it is important to note that biomass can be used for two purposes:
production of solid, liquid or gaseous fuels and electricity generation. For the purpose of this study
electricity generation on the basis of biomass gasification in high-efficiency systems will be briefly
discussed. On the basis of the limited number of papers analyzed, it can be concluded tentatively that
the energy ratios for biomass production and use through gasification cover a range between 10 and
15 (using the R3 relationship of Section 2.3). It should be stressed that these numbers differ from
country to country and should therefore be handled with care.
4.2. TRADITIONAL ISSUES OF NET ENERGY ANALYSIS

The purpose of net energy analysis is to define whether or not one electricity generating system
(e.g. nuclear power) consumes more energy than another electricity generating system (e.g.
conventional fossil-fired power). If the fossil fuel requirements of a nuclear power generation system
are less than those of a conventional fossil fired power generation system, this would be a sufficient
incentive for nuclear power utilization in order to restrain fossil fuel consumption.
Many papers recognized that nuclear power is, in principle, a net energy producer, but some
claimed to show that nuclear power turns out to be a net energy consumer, i.e, the energy ratio is less
than 1 under certain very special conditions, such as:
(1)

When low grade ore is used as the source of uranium; e.g. [3]
0.3%
Magnox
PWR

grade ore
12-18
9-19

0.007% grade ore
1.0-1.5
0.5-5.0
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(Note that these values are derived using a capacity factor of 62%, which is rather low
compared to the present day factor of 75%. Recalculating the energy ratio using the present
value, the energy ratio of Magnox would exceed unity even with low grade ore.)
(2)

When a large capacity of nuclear power plants are constructed in a short period of time [3, 12,
43].

Dynamic energy analysis sometimes yields a negative picture for rapid build-up of nuclear
power, however, as time goes by, the energy ratio would be improved and finally far exceeds 1.
Therefore, even with these dynamic analyses, it is pertinent to say that nuclear power is a net energy
producer.

A traditional short term or transient issue raised by Chapman and Mortimer [3] two decades
ago was that:
Nuclear power generation system can temporarily become a net energy consumer during a
period of construction until start of operation. During this period, amount of energy required
is larger than that of conventional fossil fired power generation system. If a considerable
number of plants were consecutively built up, energy inputs to nuclear power plant construction
would increase and finally might bring about energy shortage.
However, this is not an inherent problem of nuclear power generation system. It is obvious
that construction activities of any type of power generation system could lead to a net energy
consumption in the short term, so that the problem might be also applicable to advanced coal fired
power plants with sophisticated environmental protection equipments or LNG fuelled power plants.
This problem can be avoided if appropriate planning is made considering the present huge stock of
power generation capability. At the time with much smaller stock of power generation capability,
some studies showed that even with large increase in the rate of nuclear power capacity build-up
(from some 40% [52, 57] to some 60-80% per year [71]), there might have been no problem from
the energy analysis point of view. It must be meaningful if a dynamic energy analysis is performed
for all power generation systems in order to provide an appropriate planning for constructing
additional power generation capability.

A traditional long term issue raised by Chapman and Mortimer [3] in 1974 was that:
Technologies for fuel reprocessing and waste disposal were still being developed. If input
energy for waste disposal were much larger, net energy balance of nuclear power generation
system might become negative for storing and perhaps maintaining nuclear waste for thousands
of years.
On this issue, very few papers are available due to limited experience and lack of economic data
on these technologies. Studies partially considering this issue indicate that nuclear power is, in
principle, a net energy producer. A large portion (72% [43] - 85% [145]) of present total energy
inputs for nuclear power relates to the gaseous diffusion enrichment; commercially available
centrifuge process would require only one-tenth to one-twentieth of energy requirement by gaseous
diffusion process.
Today there is common scientific understanding [163] that a deep geologic repository using a
system of engineered and natural barriers to isolate nuclear wastes is the preferred method for
disposal. With radioactive wastes disposed of in a geological repository with post-sealing, which
would require no further energy inputs, there would be no long term energy issue. It would be
desirable to study further energy requirements for the back-end activities of nuclear power systems
to provide more accurate information as to technology requirements and limitations to more fully
understand the net energy analysis on this issue.
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4.3. OBSERVATIONS ON METHODOLOGIES

From a methodological point of view, the following items strongly influence the results of the
net energy analysis:

the choice between input/output analysis and process analysis,
the valuation of different form of energy,
key parameters such as:
• applicable uranium ore grade,
• supposed enrichment technology and tails assay,
• considered capacity factor,
• supposed lifetime.
In general, the process approach leads to a higher energy ratio than the input/output analysis.
This is because in I/O analysis input energy tends to be overestimated. I/O analysis treats data on
a monetary basis. In the case of a nuclear power generation system, it employs many higher valueadded products so that input energy tends to be overestimated. While in the case of process approach,
some energies are inevitably miscounted due to its fundamental characteristics.
Many studies often used both approaches for performing the net energy analysis on power
production technologies. For example, net energy analysis grasps all energy chains from fuel
extraction, energy conversion to end use as a horizontal system. Then a vertical system includes
(i) direct energy requirements of electricity and fuels for operating plants in each process, (ii) energy
requirements for construction of plants and transportation in each process stage, and energy embodied
in materials that are then used for constructing and operating electricity generating plants, and
(iii) labour and organizational infrastructure. Many studies set the boundaries including (ii) but
excluding (iii). For net energy analysis, selection of boundaries is desired to be extended as far as
possible; however, incorporating every possible boundary is nearly impossible.
When computing net energy analysis, many difficulties and uncertainties are encountered:
(a)

Selection of boundaries for analysis:
One extreme stand-point is to encompass only direct fuel inputs and electricity produced, and
the other is to incorporate direct and indirect energy required for plant construction as well as
the energy required to produce materials used in the processes, and even further, the energy
required for household activities, etc. The first is too simple for analyzing the total system
while the latter is practically infeasible. Therefore, in a practical approach, subsystems out of
the total system and selected boundaries of processes of industry or technology in question are
identified. Although the results of the analysis are heavily dependent on the selection of
boundaries there has been no established methodology for practical selection of boundaries for
net energy analysis.

(b)

Attaching values to energy inputs and materials:
Materials and energy are not the same in quality or value. When comparing the different

values by the common property of energy, say kcal, an evaluation of the results is quite
difficult. For example, when energy inputs for Technology A is 100 kcal of oil and for B,

200 kcal of coal, obviously Technology A is superior to B because of its smaller energy
requirements. But this advantage might lead to an opposite view given a comparison on a
monetary basis.
(c)

Uncertainty of energy allocation in a compound process:
When multiple commodities are produced from a certain process, the appropriate allocation of

process energy inputs among the commodities is a key issue. There has been no established
allocation method in a compound process for energy inputs.
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(d)

Difficulties in applying I/O matrix:
- For technologies with long leadtimes, items categorized in detail in the I/O table do not
necessarily apply correctly.
- Energy inputs are estimated based on the existing infrastructure which disregards the energy
used for constructing this infrastructure. This could lead to underestimating the energy
inputs. Results of I/O analysis differ between countries with different stages of industrial
development or different industrial structures. In particular, in countries with industrial
infrastructures in development, energy inputs will have to be larger in order to develop
industries.
- It is difficult to analyze new technologies that have no production records in industries.
Even for conventional technologies, it is difficult to apply the I/O analysis method to net
energy analysis in countries without fully equipped production infrastructures.
- Since the I/O analysis method is very static, changes in its structure cannot be introduced
easily.

(e)

Comparison among technologies of different maturity:
Although energy analysis does not suffer from economic fluctuations, it suffers from the fact
that technologies of different maturity are compared. A meaningful comparison of technologies
would refer to the situation in which a technology is implemented in significant volumes.
Energy analysis was introduced to provide an evaluation criteria for energy resource allocation

issues, in which economic evaluation failed or judgement may be misled due to a temporal change

in the economic environment. In general, the EPRI study (1978) [64] identified the following
weaknesses of energy analysis:
(1)

The viewpoint of energy analysis is too narrow. Since the basic strength of energy analysis is
the ability to provide a detailed description of the flow of physical resources through the
economy, the discipline of energy analysis (i.e., its methods and techniques of analysis) should
be broadened to include other scarce resources (e.g., water, copper, etc.), the methods and
techniques of energy analysis should be applied to other factors of production and, in the
process, energy analysis should become "physical resource analysis" in a broader sense.

(2)

The focus of energy analysis is too mechanistic since it is devoid of any value content (even
though many practitioners of energy analysis use it for evaluation purpose). Energy analysis
should adopt some valuation procedure beyond an energy theory of value. Energy in different
forms has different values to society. In a highly mechanized economy, a unit of coal
converted into electricity is likely to have a higher value than the unit of unconverted coal.
Electricity is a much more suitable form of energy with respect to the work requirements of
an industrial society. In other words, the value of energy is not uniform and is, in fact,
dependent on the preference of society. Without any explicit or implicit valuation procedure,
energy analysis does not account for quality differences (in consumption) among energy
sources, and cannot assist in answering resource allocation questions.

(3)

The preoccupation, implicit in all net energy analysis, with a single-factor energy theory of
value is incorrect. Clearly, there are other indispensable and scarce resources used in most
production and consumption processes: e.g., land, labour, capital, non-energy minerals, etc.
Accordingly, a precise description of any technical process must include the flow of these other
inputs as well as energy and, in order to elect between alternative processes or policies, some
value must be given to these other inputs.

Based on discussions in Section 2.4 and the summaries above, it can be concluded that energy
should not be adopted as a single unit of account and that net energy analysis should not stand alone
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as a framework for evaluating technology and policy options. Instead net energy analysis is a
complement to economic evaluation, improving the ability of economic analysis to deal with physical
and thermodynamic constraints in the energy production sector. Too heavy reliance on a single
number, or ratio, to define the net energy of a particular technology disregards the most important
point of net energy analysis — to provide information on technology options as a supplement to other
important economic and technical data and analysis [43].
4.4. NEW APPLICATIONS OF NET ENERGY ANALYSIS

The net energy analysis method is reviving recently, tapping a new application in the energy
field. As widely recognized, environmental concerns are high on today's policy agenda, and nuclear
power, renewable energies, fossil and other conventional power technologies should take harmonized
roles in achieving an environmentally benign, safe and economic electricity system. There is, thus,
strong renewed interest in comparative assessment to focus on the environmental aspects, in particular
clarifying the greenhouse impacts of different electricity generation systems, and application of net
energy analysis has been tried in this area.
In many recent studies, greenhouse impacts of power generation systems are discussed. Some
of the studies [131, 137] deal with emissions of NOX, SOX, HC1, HF, and particles as well as CO2.
Many studies focus on CO2 emissions originating directly from burning fossil fuel in thermal power
plants as well as originating indirectly from the energy consumption by the construction materials and
operation of energy chain processes such as fuel extraction, plant construction, operation and
transportation. The indirect CO2 emissions can be estimated applying the lifetime net energy analysis.
The studies [145, 157] also deal with the greenhouse impact of methane leakage from mining and the
CO2 emission of the concrete production. The results for comparative assessments of different
electricity generation systems (Table V) are as follows:
The CO2 emissions of renewable and nuclear energy systems are lower than that of energy
systems based on coal, oil and gas. This is mainly the result of production related CO2 emissions
from fossil fuels; other energies' emissions are amortized over the lifetime.

Hydropower is the lowest emitter of CO2 per unit of electricity produced among all kinds of
power generation technologies. In view of CO2 emission, the ranking order commences with hydro,
followed by nuclear, wind and photovoltaic power plants. For solar power technologies, a large
portion (some 65-80% [145]) of total energy inputs are required as input energy to manufacture the
materials needed and to install solar systems.
CO2 emissions from a nuclear power plant are by two orders of magnitude lower than those of
fossil fueled power plants. The results depend on the uranium enrichment process. A nuclear cycle
based on plutonium recycle and the centrifugal enrichment process has the lowest emission of CO2
among the reviewed nuclear power systems.
Development of higher efficiency plants and cogeneration seem to be essential to decrease the
CO2 emission factors of fossil fuel thermal plants.
In conclusion, lifetime net energy analysis can be one of the fundamental and useful methods
to investigate the interaction of energy resources, economics and environment for electricity
generation systems. Methodological developments have been made and improvements have been
achieved in methodologies to analyze the interaction between energy analysis and economics. Since
decision makers often suggest that energy analysis and, in particular, net energy analysis be
incorporated in evaluating future technology options, it is important that the derived value and the
limitations of the methodology be correctly understood.
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TABLE V. CO2 EMISSIONS OF DIFFERENT TECHNOLOGIES (t/GW- h)
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ABBREVIATIONS

AFBC
AGR
BWR
COG
FBR
HTGR
(or HTR)
HWR
IGCC
I/O
kWp
LNG
LWR
MTU
MWp
NPP
OT
OTEC
PV
PWR
RC
Rl to R4
SGHWR
SWU
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advanced fluidized bed combustion
advanced gas cooled reactor
boiling water reactor
cogeneration plant
fast breeder reactor
high temperature gas cooled reactor
heavy water reactor
integrated gasification combined cycle
input/output
kilowatt peak
liquefied natural gas
light water reactor
metric tons of uranium
megawatt peak
nuclear power plant
once-through (open nuclear fuel cycle)
ocean thermal energy conversion
photovoltaic
pressurized water reactor
recycling
energy ratio (see Section 2.3)
steam generating HWR
separative work unit
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