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 Exergy is described as a tool for addressing climate change, in particular through identifying and explaining the 
benefits of sustainable energy, so the benefits can be appreciated by experts and non-experts alike and attained. 
Exergy can be used to understand climate change measures and to assess and improve energy systems. Exergy 
also can help better understand the benefits of utilizing sustainable energy by providing more useful and 
meaningful information than energy provides. Exergy clearly identifies efficiency improvements and reductions 
in wastes and environmental impacts attributable to sustainable energy. Exergy can also identify better than 
energy the environmental benefits and economics of energy technologies. Exergy should be applied by engineers 
and scientists, as well as decision and policy makers, involved in addressing climate change. 
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INTRODUCTION 

The relationship between energy and economics, such as 
the trade-offs between efficiency and cost, has almost always 
been important. In recent decades, the environmental impacts 
of energy use, such as global climate change, ozone depletion 
and acid rain, have become of concerns (Goldemberg et al., 
1988; Hafele, 1981; Strong, 1992), and received increasing 
interest. Concerns have also been expressed in relation to 
energy about the non-sustainable nature of human activities, 
as highlighted by the United Nations Sustainable Development 
Goals (SDGs) for 2015-2030 (UN, 2015), and effort has been 
expended on developing methods for achieving sustainable 
development, including the achievement of energy 
sustainability. These issues are related, as increasing 
efficiency reduces environmental emissions while enhancing 
sustainability and the lives of resources. 

To address climate change and to increase the use of 
sustainable energy, the benefits of relevant measures must be 
clearly understood and appreciated by experts and non-
experts, including the public, the media and decision-makers 
in industry and government. The use of energy as a tool for 
addressing climate change and measuring the benefits of 
sustainable energy systems can be misleading and confusing. 
However, the thermodynamic quantity exergy, which can be 
used to help address climate change and to enhance energy 
systems, can help better understand the potential benefits of 
relevant measures. Exergy can clearly identify efficiency 
improvements and reductions in wastes and environmental 

impacts. Exergy can also identify better than energy ways to 
improve environmental benefits and economics. 
Consequently, many researchers suggest that the impact of 
energy use on the environment, the achievement of increased 
efficiency, and the economics of energy systems are best 
addressed by considering exergy (Dincer and Rosen, 2013). As 
a consequence, many exergy methods have been developed, 
e.g., exergy analysis for improving the efficiency of energy 
systems, exergoeconomics for improving the economics of 
energy systems, and. Thus, exergy has an important role to 
play in addressing climate change and expanding use of 
sustainable energy. 

This article discusses these points with the objective of 
demonstrating how exergy can help improve understanding 
and applying exergy methods for addressing climate change 
and expanding use of sustainable energy. The article is 
intended to help improve understanding and appreciation of 
exergy analysis by engineers and scientists as well as by 
industry, the public, the media and government. These groups 
all must have such understanding if appropriate decisions 
about green energy and technologies are to be made. This is 
particularly true of government policy, as it can be important 
for addressing climate change and shifting towards sustainable 
energy. 

This paper goes on to describe exergy and to illustrate its 
use as a tool to improve efficiency. Next, the environmental 
implications are discussed of exergy, which relate to climate 
change and greenhouse gases as well as other environmental 
pollutants and impacts. Finally, the ties between exergy and 
economics, which are important given the interrelations 
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between technical, environmental and economic issues, are 
described. 

BACKGROUND ON EXERGY ANALYSIS 

Exergy is defined as the maximum amount of work which 
can be produced by a system or a flow of matter or energy as it 
comes to equilibrium with a reference environment. Exergy is 
a measure of the potential of the system or flow to cause 
change, as a consequence of not being completely in stable 
equilibrium relative to the reference environment. The exergy 
of an energy form or a substance is a measure of its usefulness 
or quality, and thus is a measure of its potential to cause 
change. Exergy may be, or provide the basis for, an effective 
measure of the potential of a substance or energy form to 
impact the environment (Rosen, 2012). 

Unlike energy, exergy is not subject to a conservation law 
(except for ideal, or reversible, processes). Rather exergy is 
consumed or destroyed, due to irreversibilities in any real 
process. The exergy destruction during a process is 
proportional to the entropy created due to irreversibilities 
associated with the process. 

Exergy analysis is a method that uses the conservation of 
energy principle (embodied in the first law of 
thermodynamics) together with non-conservation of entropy 
principle (embodied in the second law) for the analysis, design 
and improvement of energy and other systems. The exergy 
method is useful for improving the efficiency energy-resource 
use, for it quantifies the locations, types and magnitudes of 
wastes and losses. In general, more meaningful efficiencies are 
evaluated with exergy analysis rather than energy analysis, 
since exergy efficiencies are always a measure of the approach 
to the ideal. Therefore, exergy analysis identifies the margin 
available to design more efficient energy systems by reducing 
inefficiencies. Many engineers suggest that energy systems are 
best evaluated using exergy analysis because it provides more 
insights, especially for efficiency improvement, than energy 
analysis. Exergy analysis and its application to many processes 
and systems are elucidated in numerous books (Dincer and 
Rosen, 2013; Edgerton, 1992; Kotas, 1995; Moran, 1989; 
Szargut et al., 1988) and important articles (Mahmoudi et al., 
2019; Moran and Sciubba, 1994; Szargut, 1980). 

In exergy analysis, the characteristics of the reference 
environment must be specified completely. This is commonly 
done by specifying the temperature, pressure and chemical 
composition of the reference environment. The results of 
exergy analyses, consequently, are relative to the specified 
reference environment, which in most applications is 
modelled after the actual local environment. The exergy of a 
system is zero when it is in equilibrium with the reference 
environment. This tie between exergy and the environment 
leads to some of the implications regarding environmental 
impact that are discussed subsequently. 

USING EXERGY TO REDUCE CLIMATE 
CHANGE AND GREENHOUSE GAS 
EMISSIONS 

Efficiency Improvement and Emissions Reduction in 
Industry 

The primary use of exergy analysis is as a methodology for 
understanding the behavior of and improving the efficiency of 
energy systems. The exergy method is useful for improving 
efficiency because more meaningful efficiencies are evaluated 
with exergy rather compared to energy, since exergy 
efficiencies are always a measure of the approach to the ideal.  

Many examples can be used to demonstrate the use and 
benefits of exergy for efficiency improvement. Some are 
presented here. In all of these cases, exergy analysis helps 
identify measures to improve efficiency. These measures lead 
to reduced fuel use and, consequently, lower greenhouse gas 
emissions. 

Thermal energy storage. Consider a buried thermal 
energy storage tank. A hot medium flows through a heat 
exchanger within the storage and heat is transferred into the 
storage. After a period of time, a cold fluid is run through the 
heat exchanger and heat is transferred from the storage into 
the cold fluid. The amount of heat recovered depends on how 
much heat has escaped from the storage into the surrounding 
soil, and how long the recovery fluid is passed through the heat 
exchanger. But a problem arises in evaluating the energy 
efficiency of this storage because the energy efficiency can be 
increased simply by lengthening the time that the recovery 
fluid is circulated. What is neglected here is the fact that the 
temperature at which the heat is recovered is continually 
decreasing towards the ambient soil temperature as the fluid 
circulates. Thus although the energy recovered increases as 
the recovery fluid continues to circulate, the exergy recovered 
hardly increases at all after a certain time, reflecting the fact 
that recovering heat at near-environmental temperatures does 
not make a storage more efficient thermodynamically. 

Space heater. Space heating can be accomplished in many 
ways. For an electrical resistance space heater, almost all of the 
electricity that enters the unit is dissipated to heat within the 
space. Thus the energy efficiency is nearly 100% and there are 
almost no energy losses. Yet the exergy efficiency of such a 
device is typically less than 10%, indicating that the same 
space heating can in theory be achieved using one-tenth of the 
electricity. In reality, some of these maximum savings in 
electricity use can be attained using a heat pump. The use of 
even a relatively inefficient heat pump can reduce the 
electricity used to achieve the same space heating by one-
third. Clearly the use of energy efficiencies and losses is quite 
misleading for electrical heating. 

Ideal heat engine. Consider a Carnot (ideal) heat engine 
operating between a heat source at a temperature of 600 K and 
a heat sink at 300 K. The energy efficiency of this device is 50% 
(i.e., 1 – 300/600 = 0.5). Yet a Carnot engine is ideal. Clearly, 
the energy efficiency is misleading as it indicates that a 
significant margin for improvement exists when in fact there 
is none. The exergy efficiency of this device is 100%, properly 
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indicating its ideal nature in a straightforward and clear 
manner. 

Actual power plant. Consider electricity generation using 
a typical unit of a coal-fired power plant, which has a net 
electrical output of 500 MW. The unit consists of four main 
sections: 

• Steam generator: Pulverized-coal-fired natural 
circulation steam generators combust coal to produce 
primary and reheat steam. The flue gas exits the plant 
via multi-flued chimneys.  

• Turbine generators and transformer: Steam passes 
through a turbine generator, which is connected to a 
transformer. The turbine generator has one 
high-pressure cylinder, one intermediate-pressure 
cylinder and two low-pressure cylinders. Steam 
exhausted from the high-pressure cylinder is reheated 
in the steam generator. Several steam extractions from 
the turbines preheat feed water in low- and 
high-pressure heat exchangers and one spray-type 
open deaerating heat exchanger.  

• Condenser: The low-pressure turbines exhaust to the 
condenser, where cooling water condenses the steam.  

• Preheating heat exchangers and pumps: The temperature 
and pressure of the condensed steam are increased in a 
series of pumps and heat exchangers.  

Breakdowns of the overall outputs of energy and exergy 
(and destructions for exergy) for the plant are shown in Figure 
1. This information improves understanding of the 
thermodynamic characteristics of the plant and identify areas 
with significant potential for efficiency improvement, in 
several ways: 

• The overall energy efficiency (ratio of net electrical 
energy output to coal energy input) is 37%, and the 
corresponding exergy efficiency is 36%. 

• The steam generator is significantly more efficient on 
an energy basis (95%) than on an exergy basis (50%). 

Physically, this discrepancy implies that, although 
most of the input energy is transferred to the preheated 
water, the energy is degraded as it is transferred. Most 
of the exergy losses in the steam generators are 
associated with internal destructions (mainly due to 
combustion and heat transfer). 

• Large quantities of energy enter the condensers, of 
which close to 100% is rejected. A small quantity of 
exergy enters, of which about 25% is rejected and 75% 
internally destroyed. 

• Energy losses in other plant devices were found to be 
very small (about 10 MW total), and exergy losses were 
found to be moderately small (about 150 MW total). The 
exergy losses are almost completely associated with 
internal destructions. 

Efficiency Improvement and Emissions Reduction in 
Government and Public Policy 

Facets of exergy relate to government policies, strategies 
and priorities in areas such as environment, energy, natural 
resources, industry and economic development. Governments 
can use exergy methods in establishing public policies in such 
areas to increase the resulting benefits. Some of these are now 
described. 

Environment policies. Exergy methods provide useful 
tools for mitigating environmental impacts, in large part 
because of the links between exergy and environmental 
impacts and issues. For instance, since the exergy of emissions 
correlates with the theoretical work required to reverse 
environmental impact, exergy methods can help identify and 
quantify appropriate financial taxes and penalties for 
polluters. Wall (1993) proposed an exergy tax to improve 
resource use and decrease environmental destruction, writing 
“misuse of physical resources from poor understanding of 
concepts such as exergy, misuse of nature from ignorance of 
ecology.” Over the last few decades, various exergy-

 
Figure 1. Energy and exergy outputs and destructions, as a percentage of total input, for the coal-fired electrical generating plant 
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environment methods have evolved, which can be integrated 
with government environmental policy. 

Energy and natural resources policies. Exergy can 
provide a useful perspective for governments to establish 
natural resource and energy security, for a country or societies 
within it. For instance, exergy methods assist efforts to assess 
and improve the efficiencies of energy and other resources use, 
identifying both actual and maximum efficiencies as well as 
the causes and locations of losses. Despite their widespread 
use, energy methods often do not provide such information. By 
establishing upper limits, exergy methods identify and 
quantify targets for increased efficiency, based on high exergy 
losses. 

Economic and industry policies. Exergy methods can be 
integrated with economics to address financial and economic 
problems in industry. This work helps identify optimal systems 
and processes, as well as operation levels, in industries. The 
same methods, however, can be used by government for 
extended purposes. For example, governments can use exergy-
economic methods to determine appropriate financial taxes, 
penalties and subsidies to motivate industry to use non-carbon 
energy and to be more efficient. More broadly, government can 
utilize and exergy exergy-economic methods to improve 
economic performance, by providing resources such as 
funding and expertise to determine how best to affect 
economic conditions to make aims more likely to be met, and 
to facilitate the adoption of exergy and exergy-economic 
methods. 

Global, national and regional policies. Evaluations have 
been carried out of exergy flows through the world, countries 
and regions, as well as specific parts of their economies. For 
instance, global exergy efficiencies have been examined, while 
exergy analyses have been reported for such countries as 
Canada, the United States, Japan, Italy, Sweden, Turkey, the 
U.K. and others. Such analyses of regional and national energy 
utilization have been comparatively reviewed by Rosen (2013). 
These efforts mainly focus on understanding the true 
efficiency of energy and resource use in these jurisdictions and 
thus provide useful information to multi-national, national 
and regional governments for policy making. Such efforts need 
to be extended so as to enhance the benefits of exergy 
methods, via government policy. 

Despite the potential benefits of exergy methods, their 
implications are often not followed, usually unknowingly. For 
instance, government R&D funding is often provided to areas 
of the economy where the energy losses, even if exergy losses 
low, despite the fact that the greatest margin for improvement 
is in those areas exhibiting high exergy losses (e.g., space 
heating has an exergy efficiency below 10% although its high 
energy efficiency often exceeds 80%). At the government level, 
the effects of such resource misallocations can be significant. 
For instance, a study for Ontario, Canada of government 
investment in R&D and the energy and exergy losses of the 
processes funded showed a direct relation between funding 
level and energy losses and an inverse relation between 
funding level and exergy losses. These observations suggest 
funding misallocation since the greatest impact is achieved 
with limited public funds and resources is in areas with the 
largest margins for efficiency improvement, or largest 
potential benefits. Thus the largest research funding 

allocation should be to processes with the largest exergy losses 
(unless other factors dictate otherwise). 

Related investigations of a broader nature have also been 
reported, including the use of exergy in government policy 
(Dincer and Rosen, 2013), its importance in relation to 
democracy and modern society dilemmas (Wall, 1993), and 
exergy aspects of self-sustainability for societies (Sciubba, 
1995). 

EXERGY, ENVIRONMENT AND 
SUSTAINABILITY 

Although energy and resources help meet human needs 
and improve living standards and quality of life, they generally 
lead to environment impacts. For instance the United Nations 
(Strong, 1992) indicates that effective strategies to protect the 
atmosphere must address the energy sector by shifting to 
environmentally benign energy systems and increasing 
efficiency. The UN Sustainable Development Goals (2015-
2030) reinforce and expand on these ideas (Rosen, 2017b; UN, 
2015). In particular, carbon dioxide emissions mitigation can 
be achieved by introducing sustainable and renewable energy 
sources, reducing the fossil fuel portion of the energy mix and 
increasing efficiency. Renewable forms of energy include 
bioenergy (Rosen, 2017c) and geothermal energy (Rosen and 
Koohi-Fayegh, 2017). 

Exergy and the Environment 

Environmental measures can reduce impacts like climate 
change by lowering resource and energy losses. Such actions 
raise exergy efficiency and reduce exergy losses (waste exergy 
emissions and destructions).  

Exergy can help fundamentally in understanding and 
reducing environmental impact. Understanding the relations 
between exergy and the environment helps in identifying 
underlying fundamental patterns and forces affecting 
environmental changes and in addressing environmental 
damage. For example, Tribus and McIrvine (1971) suggest 
exergy analyses of natural processes on the earth can form a 
foundation for ecologically sound planning by quantifying 
disturbances from large-scale changes. Also, one link between 
environmental impact and exergy stems from the latter being 
a measure of the departure of the state of a system from that 
of the environment (Edgerton, 1992; Szargut, 1980; Rosen, 
2012). The exergy of a system, which depends on the states of 
both the system and the environment, is zero only when the 
system and its environment are in equilibrium. 

Other examinations of exergy and the environment have 
been undertaken. Rosen and Dincer (1997) investigate 
relations between exergy and environmental impact, while 
Sciubba (1999) examines exergy as a direct measure of 
environmental impact and Creyts and Carey (1997) employ 
extended exergy analysis for the environmental assessment of 
industrial processes. Rosen and Dincer (1999) describe the 
exergy of waste emissions and Crane et al. (1992) apply those 
concepts to energy conversion technologies. Ayres et al. (1998) 
discuss relations between exergy, waste accounting, and life-
cycle analysis, while Connelly and Koshland (1997) utilize an 
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exergy-based measure of degradation to advance industrial 
ecology. Tyagi et al. (2005) develop optimal criteria based on 
an ecological function using exergy for a modified Brayton 
cycle. 

In recent years, activity regarding improving 
understanding of the relation between exergy and the 
environment and its role has expanded (Nižetić and 
Papadopoulos, 2018). Kılkış and Kılkış (2017) propose new 
exergy metrics for energy, the environment, and the economy 
and apply them in optimization. Exergoeconoenvironmental 
analysis is considered for improving understanding of energy 
systems (Aghbashlo and Rosen, 2019) and for dveloping 
thermodynamically, economically, and environmentally 
sound energy conversion systems (Aghbashlo and Rosen, 
2018). Furthermore, Nwodo et al. (2020) have recently 
reviewed exergetic life cycle assessment. 

Research on the relation between exergy and ecology has 
also received increased attention in recent years. Valero et al. 
(2017) describe the theory of exergy cost and thermo-
ecological cost, while Valero et al. (2018) assess the exergy 
degradation of natural capital and propose a 
thermoecological-cost methodology. Meanwhile, Stanek and 
Czarnowska (2018) consider thermo-ecological cost for 
quantifying the exergy and ecology connection, and Sciubba 
(2019) has reviewed exergy-based ecological indicators. 
Vihervaara et al. (2019) consider eco-exergy as an indicator of 
ecosystem complexity, and He et al. (2019) use exergy as a 
thermodynamic index for system-level ecological risk 
assessment of contaminates. Issues regarding the relation 
between exergy and ecology have also been examined. For 
instance, Nielsen (2019) discusses issues arising when shifting 
the concept of exergy among ecological levels and domains.  

Some studies have focused on climate change. For 
example, Berthiaume and Rosen (2017) examine limits 
imposed by the second law of thermodynamics on reducing 
greenhouse gas emissions, while Hernandez and Cullen (2019) 
describe exergy as a universal metric for measuring resource 
efficiency to address industrial decarbonisation. Veiga and 
Romanelli (2020) examine the mitigation of greenhouse gas 
emissions using exergy, and Zhang and Reistad (1998) analyze 
energy conversion systems with exergy methods, including 
material and global warming aspects. Khajehpour et al. (2019) 
consider responsibility allocation of climate change based on 
exergy. Arango-Miranda et al. (2018) investigate the role of 
exergy in carbon dioxide emissions, energy consumption and 
economic growth, while Wu and Wang (2020) explore 
avoidable carbon emissions by reducing exergy destruction 
based on advanced exergy analysis.  

The present author previously introduced three 
relationships between exergy and environmental impact 
(Rosen and Dincer, 1997) that can be instructive: 

Order destruction. Order destruction is a form of 
environmental damage, and perhaps the distress of people by 
a polluted landscape compared to a clean one suggests exergy 
and order in the environment may relate to human values. 
Irrespective of human values, as entropy is fundamentally a 
measure of disorder, exergy is a measure of order. A system of 
low exergy is more disordered or chaotic than one of high 
exergy. The exergy difference of the two systems is a measure 

of (i) the exergy (and order) destroyed order is lost, and (ii) the 
minimum work required to reorder the disordered system (i.e., 
to clean up). In reality, more than this minimum work, which 
only applies if a reversible clean-up process is employed, is 
required. For example, an atmosphere with anthropogenic 
carbon dioxide emissions distributed throughout it has lower 
exergy than a large container with the anthropogenic carbon 
dioxide constrained. The exergy difference of the two systems 
is a measure of (i) the exergy (and order) destroyed when the 
anthropogenic carbon dioxide is emitted into and diffuses 
throughout the atmosphere, and (ii) the minimum work 
required to extract the carbon dioxide and place it into a 
container and at the same time to return the state of the 
environment (i.e., capture and sequester the carbon dioxide). 
In reality, the exergy represents the minimum work required if 
a reversible gas separation process is employed, and in 
actuality more than this work is needed.  

Resource degradation. Resource degradation is a form of 
environmental damage. Kestin (1980) defines a resource as a 
material, found in nature or created artificially, which is in a 
state of disequilibrium with the environment, and notes that 
resources have exergy as a consequence of this disequilibrium. 
Resources are valued for their reactivity (like a fuel) and/or 
composition (like a purified ore). Processes exist to increase 
the value (and exergy) of resources by purification. The 
environmental impact of resource degradation can be 
mitigated by increasing efficiency to reduce the exergy 
necessary for a process and the corresponding environmental 
damage, and using external exergy resources instead of 
degrading natural resources like fossil fuels, which is possible 
since the earth is an open system subject to a net influx of 
exergy. For example, the exergy (or order) delivered with solar 
radiation is valued, since all the energy received from the sun 
is ultimately re-radiated to the universe. 

Waste emission. By not being in stable equilibrium with 
the environment, the exergy of wastes represents a potential 
to cause change, which may manifest itself as a potential for 
environmental damage. Usually, emitted exergy causes a 
change which is damaging to the environment. Exergy 
emissions to the environment can also affect the net input of 
exergy via solar radiation to the earth (e.g., emissions of 
carbon dioxide and other greenhouse gases are raising the 
atmospheric CO2 concentration). Reistad (1970) developed an 
air-pollution rating he claimed was preferable to the mainly 
empirical ratings then in use, by determining the air-pollution 
cost for a fuel as either (i) the cost to remove the pollutant or 
(ii) the cost to society of the pollution in the form of a tax. 

The relationships between exergy and environment are 
illustrated by revisiting the actual power plant in Section 
“Efficiency Improvement and Emissions Reduction in 
Industry”. 

• Order destruction. Order destruction occurs during 
the exergy destroying conversion of a fuel to less 
ordered stack gases and solid wastes, and as wastes are 
emitted to the environment, allowing the products of 
combustion to diffuse and interact throughout the 
environment unconstrained. 

• Resource degradation. A fossil fuel, a finite resource, 
is degraded as electricity is generated. Although some 
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resource degradation is unavoidable for a real process, 
increased exergy efficiency can reduce the degradation. 
In the extreme, if actual power plant in Section 
“Efficiency Improvement and Emissions Reduction in 
Industry” became thermodynamically ideal, i.e., the 
exergy efficiency rose to 100% from 37%, fossil fuel use 
would decrease by over 60% as would related emissions. 

• Waste emission. Waste exergy is emitted from the 
plant with stack gas and solid combustion wastes, as 
well as with the waste heat from the condenser and 
miscellaneous sources, and these emissions represent 
varying degrees of potential environmental impact. 
The exergy insights regarding environmental-impact 
potential of these phenomena is not fully understood, 
although societal concerns have long existed regarding 
releases of harmful chemical constituents with stack 
gases and thermal pollution in local water bodies. 

The decrease in the environmental impact of a process, in 
terms of these measures, as the process exergy efficiency 
increases is illustrated approximately in Figure 2. Note that, 
although exergy in the environment in the form of resources is 
of value while exergy in the environment in the form of 
emissions is harmful, it is the constrained nature of exergy in 
resources that differentiates the ideas, as illustrated in Figure 
3. Unconstrained emissions of exergy can impact the 
environment in an uncontrolled manner. 

Exergy and Sustainability 

The United Nations Sustainable Development Goals for 
2015-2030 (UN, 2015) spell out a broad view for moving the 
world towards sustainability, and energy is a key aspect of 

many of the 17 goals (Rosen, 2017b). Sustainability requires 
sustainable energy resources be used, both cleanly and 
efficiently (Rosen, 2017a). Exergy methods aid in improving 
efficiency, thereby enhancing the benefits derived from 
resources while mitigating problems like environmental 
impact and lengthening the lifetimes of finite resources. When 
striving for sustainability, one seeks energy resources that 
cause no environmental impact. This probably involves using 
energy resources that lead to no environmental waste 
emissions or only waste emissions having no environmental 
impact, the latter relevant when environmental emissions are 
inert or in equilibrium (thermal, mechanical and chemical) 
with the environment. In actuality, resource use entails some 
environmental impact, and increased efficiency can offset 
some of the limitations imposed on sustainability by 
environmental emissions. Even if inexpensive and widely 
available, it will be advantageous to use energy resources 
efficiently to reduce the corresponding resource needs 
(energy, material, etc.) to build the relevant systems and 
environmental impacts. 

Exergy methods can help improve sustainability. This can 
be seen in Figure 4, an expanded version of Figure 2 showing 
qualitatively how sustainability increases and environmental 
impact decreases with increasing exergy efficiency. As exergy 
efficiency approaches 100%, sustainability approaches infinity 
since the process approaches reversibility, while 
environmental impact approaches zero because exergy is 
converted from one form to another without any loss., 
Sustainability approaches 0% as exergy efficiency approaches 
0% since exergy resources are used to accomplish nothing, 
while environmental impact approaches infinity because 
increasing resources must be used and increasing exergy 

 
Figure 2. Conceptual effect of process exergy efficiency on associated environmental impact in terms of order destruction, 
resource degradation, and waste exergy emission 

 
Figure 3. Comparison of constrained exergy (e.g., a resource) and unconstrained exergy (a potential for environmental damage) 
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wastes are emitted, for a fixed service. Some point out directly 
that exergy analysis is an element of attaining sustainable 
development (Cornelissen, 1997), noting that energy can not 
be “lost” as it is conserved while exergy can be lost due to 
irreversibilities. Consequently, exergy losses, especially from 
using non-renewable energy forms, should be reduced to 
attain sustainability, and environmental impacts of emissions 
and resource depletion can be expressed in terms of a 
physically based exergy indicator. 

Others have examined relations between exergy and 
sustainability. Nielsen (2020) describes an exergy-based 
approach sustainable development indicators, while Lucia and 
Grisolia (2019) consider exergy inefficiency as an indicator for 
sustainable development analysis. Whiting et al. (2017) 
describe the use of exergy to evaluate the sustainability of 
fossil fuels and non-fuel mineral depletion and Zhang et al. 
(2018) seek to improve understanding of the sustainability of 
fuel from the viewpoint of exergy. Stanek et al. (2019) describe 
the use of exergy as a measure of sustainability through 
thermo-ecology. Hacatoglu et al. (2015) use exergy as an 
element of a method to assess the environmental impact and 
sustainability of energy systems. Generally, exergy and its 
application for sustainable environment has received much 
interest recently (Aziz, 2019). 

EXERGY AND ECONOMICS 

Economic issues are important in assessing and developing 
systems. In designing systems, technical disciplines 
(especially thermodynamics) are combined with economics to 
achieve preferred and optimal systems. For energy system, 
costs are usually based on energy, although many suggest costs 
are better distributed among outputs based on exergy (Rosen, 
2011; Tsatsaronis, 1994). 

Numerous exergy-economic methods have been 
developed, e.g., exergoeconomics, thermoeconomics and 
second-law costing. El-Sayed and Gaggioli (1989) critically 
reviewed costing methods using exergy, while Mazur (2005) 
describe fuzzy thermoeconomic optimization. Jaber et al. 
(2004) even use exergy in describing price-driven economic 
order systems from a thermodynamic perspective. Tsatsaronis 
(1987) identifies four main types of methodologies 

corresponding to the basis of the technique being exergy-
economic cost accounting, exergy-economic calculus analysis, 
exergy-economic similarity number, or product/cost efficiency 
diagrams. Exergy-economic methods generally recognize 
exergy rather than energy as the commodity of value in a 
system, and assign costs and/or prices to exergy variables, 
thereby appropriately allocating economic resources to 
optimize system design and operation and attaining the 
highest profitability. 

One reason costs are better distributed among outputs 
when based on exergy is that exergy often is a consistent 
measure of economic value, while this is true only sometimes 
for energy. This can be illustrated by revisiting the actual 
power plant in Section “Efficiency Improvement and 
Emissions Reduction in Industry” so as to provide possible 
general relations between thermodynamic losses and capital 
costs (Rosen and Dincer, 2003). By examining economic and 
thermodynamic data for mature devices, correlations were 
shown between capital costs and some thermodynamic losses 
for devices. Such correlations suggest that designers 
incorporate exergy information in designs indirectly, probably 
unknowingly. For the actual power plant in Section “Efficiency 
Improvement and Emissions Reduction in Industry”, the 
following were observed: 

• For the energy and exergy thermodynamic losses, a 
significant parameter is the ratio of thermodynamic 
loss rate to capital cost. Further, a systematic 
correlation appears to exist between exergy loss rate 
and capital cost, but not between energy loss rate and 
capital cost. 

• Devices in actual power plants appear to conform 
approximately to a particular value of the 
thermodynamic-loss-rate-to-capital-cost ratio based 
on exergy loss, reflecting an appropriate trade-off 
between exergy losses and capital costs, i.e., one that 
applies in successful plant designs. 

CONCLUSIONS 

The benefits of using exergy as a tool for addressing 
climate change, in particular through identifying and 

 
Figure 4. Qualitative depiction of relation of environmental impact and sustainability with exergy efficiency 
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explaining the benefits of sustainable energy, has been 
demonstrated. It is concluded that the concepts encompassing 
exergy have a significant role to play in addressing climate 
change and increasing sustainable energy use. Exergy clearly 
identifies efficiency improvements and reductions in wastes 
and environmental impacts attributable to sustainable energy, 
and enhances understanding of environmental benefits and 
economics. Exergy should prove useful in such activities to 
engineers and scientists, as well as decision and policy makers 
in addressing climate change. 
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