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ABSTRACT
The use of exergy is described as a tool for addressing a circular economy so the 
benefits can be appreciated and attained. Exergy can be used to understand circular 
economy measures and to assess and improve energy systems, and can help bet-
ter 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 in ad-
dressing a circular economy.

1.	 INTRODUCTION
The concept of a circular economy has been inves-

tigated by many, from various perspectives and in many 
domains. These investigations include contributions by the 
present author in the fields of business and engineering 
(Alvarez-Risco et al., 2022), the plastic industry (Alvarez-Ri-
sco et al., 2020), the food industry (Del-Aguila-Arcentales 
et al., 2022), and companies in pandemic times (Alvarez-Ri-
sco et al., 2021).

The use of energy as a tool for addressing a circular 
economy and measuring the benefits of sustainable en-
ergy systems can be misleading and confusing. However, 
the thermodynamic quantity exergy, which can be used to 
help address a circular economy 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. Ex-
ergy can also identify better than energy ways to improve 
environmental benefits and economics. Hence, many re-
searchers 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, 2021; Demirel and 
Rosen, 2023). Thus, many exergy methods have been de-
veloped, e.g., exergy analysis for efficiency improvement, 
and exergoeconomics for improving the economics of en-
ergy systems. Thus, exergy has an important role to play in 
addressing a circular economy.

This article discusses these points with the objective of 
demonstrating how exergy can help improve understand-

ing and applying exergy methods for addressing a circular 
economy.

2.	 USES OF EXERGY
2.1	Efficiency improvement and emissions reduc-
tion

The primary use of exergy analysis is as a methodology 
for understanding the behavior of and improving the effi-
ciency 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. 

2.2	Government and public policy
Facets of exergy relate to government policies, strate-

gies and priorities in areas such as environment, energy, 
natural resources, industry and economic development. 
Governments can use exergy methods in establishing pub-
lic policies in such areas to increase the benefits. Some of 
these follow:

•	 Environment policies. In recent decades, various exer-
gy-environment methods have evolved, which can be 
integrated with government environmental policy.text 
text text

•	 Energy and natural resources policies. Exergy can pro-
vide a useful perspective for governments to establish 
natural resource and energy security, for a country or 
societies within it.
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•	 Economic and industry policies. Exergy methods can 
be integrated with economics to address financial and 
economic problems in industry. 

•	 Global, national and regional policies. Evaluations have 
been carried out of exergy flows through the world, 
countries and regions, and help in understanding the 
true efficiency of energy and resource use in these ju-
risdictions.

3.	 EXERGY AND ECONOMICS
Economic issues are important in assessing systems. 

In designing systems, technical disciplines (especially ther-
modynamics) 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.

Numerous exergy-economic methods have been de-
veloped, e.g., exergoeconomics, thermoeconomics and 
second-law costing. Some researchers have critically 
reviewed costing methods using exergy, while others de-
scribe thermoeconomic optimization. Some even use exer-
gy in describing price-driven economic order systems from 
a thermodynamic perspective. 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.

4.	 EXERGY, ENVIRONMENT AND SUSTAINA-
BILITY

Although energy and resources help meet human needs 
and improve living standards and quality of life, they gener-
ally lead to environment impacts. The UN Sustainable Devel-
opment Goals (2015-2030) reinforce and expand on these 
ideas (UN, 2015; Rosen, 2021b). In particular, carbon dioxide 
emissions mitigation can be achieved by introducing sus-
tainable and renewable energy sources, reducing the fos-
sil fuel portion of the energy mix and increasing efficiency. 

4.1	Exergy and the environment
Environmental actions can reduce impacts like climate 

change by lowering resource and energy losses. This rais-
es exergy efficiency and reduces exergy losses. One link 
between environmental impact and exergy stems from the 
latter being a measure of the departure of the state of a 
system from the environment (Rosen, 2021a). The exergy 
of a system, which depends on the states of both the sys-
tem and the environment, is zero only when the system and 
its environment are in equilibrium.

Recently, activity regarding improving understanding of 
the relation between exergy and the environment has ex-
panded (Nižetić and Papadopoulos, 2018). Kılkış and Kılkış 
(2017) propose exergy metrics for energy, the environment, 
and the economy. Exergoeconoenvironmental analysis is 
considered for improving understanding of systems and for 
developing thermodynamically, economically, and environ-
mentally sound energy conversion systems (Esmaeilion et 
al., 2024; Moharamian et al., 2023). Also, Nwodo et al. (2020) 
have recently reviewed exergetic life cycle assessment.

Research on the relation between exergy and ecology 
has also increased in recent years. Valero et al. (2018) 
describe the theory of exergy cost and thermo-ecological 
cost, and assess the exergy degradation of natural capi-
tal. Some consider thermo-ecological cost for quantifying 
the exergy and ecology connection. Sciubba (2019) has re-
viewed exergy-based ecological indicators. Some consider 
eco-exergy as an indicator of ecosystem complexity, and 
Hothersuse exergy as an index for system-level ecological 
risk assessment of contaminates. Issues have also been 
examined, e.g., Nielsen (2019) discusses issues arising 
when shifting the concept of exergy among ecological lev-
els and domains. 

Some studies have focused on climate change. For ex-
ample, some 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 ad-
dress industrial decarbonisation. Veiga and Romanelli 
(2020) examine the mitigation of greenhouse gas emis-
sions 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 ex-
ergy destruction based on advanced exergy analysis.

4.2	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. Sustainability requires sustaina-
ble energy resources be used, both cleanly and efficiently 
(Rosen, 2021b). Exergy methods aid in improving efficien-
cy, 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 en-
ergy resources that lead to no environmental waste emis-
sions or only waste emissions having no environmental 
impact, the latter relevant when environmental emissions 
are inert or in equilibrium with the environment. In actual-
ity, resource use entails some environmental impact, and 
increased efficiency can offset some of the limitations im-
posed on sustainability by environmental emissions. Even 
if inexpensive and widely available, it will be advantageous 
to use energy resources efficiently to reduce the corre-
sponding resource needs (energy, material, etc.) to build 
the relevant systems and environmental impacts. 

Others have examined exergy and sustainability rela-
tions. Nielsen (2020) describes an exergy-based approach 
to sustainable development indicators, while Lucia and 
Grisolia (2019) consider exergy inefficiency as an indicator 
for sustainable development. Whiting et al. (2017) describe 
the use of exergy to evaluate the sustainability of fossil fu-
els and non-fuel mineral depletion and Zhang et al. (2018) 
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improve understanding of fuel sustainability from the ex-
ergy viewpoint. Stanek et al. (2019) describe exergy as a 
measure of sustainability through thermo-ecology. Exergy 
is used as an element of a method to assess the environ-
mental impact and sustainability of energy systems (Kieh-
badroudinezhad et al., 2023; Jalili et al., 2024).

5.	 EXERGY AND A CIRCULAR ECONOMY
5.1	Resources and resource depletion

Many investigations focusing on the application of ex-
ergy methods to resources, from the perspective of a cir-
cular economy have been reported. Many of these studies 
relate to energy resources, due to their widespread usage 
and the many concerns related to them, regarding environ-
mental impacts, resource supplies, economics and other 
factors. Numerous studies have also been carried out on 
other resources such as metals and plastics.

An interesting general study is the one by Llamas et 
al. (2024), which examines the quantification of resource 
dissipation using an exergy approach, as a means of sup-
porting a circular economy. They write, “exergy analysis 
highlights irreversibilities in circular economy systems, and 
it provides an appropriate and complementary resource 
efficiency indicator,” and that through the irreversibilities 
obtained with exergy analysis, “their dissipative role in the 
circular economy can be quantified.”

5.1.1	Energy resources
Energy resources have been examined using exergy 

methods for decades, and recently many have focused on 
a circular economy. The advantages of exergy in address-
ing energy issues as part of a circular economy have been 
examined by the present author (Rosen, 2022; Dincer and 
Rosen, 2021; Demirel and Rosen, 2023). For instance, Dinc-
er and Rosen (2021) describe eco-industrial clusters that 
integrate circular economy with industrial ecology based on 
industrial symbiosis. Cooper et al. (2017) provide insights 
on a circular economy from a thermodynamic perspective 
focused on exergy. The study involves analyses of the im-
pact of a range of circular economy approaches on energy 
use, which proves to be a particularly important applica-
tion area for exergy methods with respect to circularity.

Waste to energy: Sharma et al. (2020) investigate the 
waste-to-energy nexus as part of a circular economy includ-
ing environmental protection, including an exergy perspec-
tive. Their focus on the employment of biological methods 
for waste materials is a key part of their waste-to-energy 
approach, which helps in addressing concerns about waste 
management, energy demand and environmental impact.

de Almeida and Borsato (2020) extended the RIPEx 
exergy-based method, which quantifies energy and mate-
rial flows in terms of exergy and considers environmental 
impact, efficiency and cost, yielding a method they claim 
may support waste to energy as part of a circular econo-
my. The inclusion of exergy in the method is central to its 
advantages.

Energy conservation: Alvarez et al. (2022) propose a 
product innovation method based on exergy and knowl-
edge management that they claim is essential for energy 

conservation and environmental protection. The method 
helps to raise exergy efficiencies by lowering exergy de-
struction rates, i.e., irreversibilities, to support the circular 
economy. Their approach is transdisciplinary and contrib-
utes to climate change mitigation, which is an important 
area in general as well as for circularity, and which benefits 
notably from applying exergy concepts.

Heating: North and Jentsch (2021) formulate an ap-
proach to heating processes supportive of a circular econ-
omy that focuses on exergy. The application of exergy 
analysis helps identify resource options that are efficient 
and conserve primary energy resources greatly. They focus 
on applications to buildings, although heating for other ap-
plications benefits similarly from the application of exergy 
methods.

Renewable energy: Much research has focused on re-
newable energy sources as alternatives to fossil fuels in 
support of a circular economy, often from exergy view-
points. In a general manner, Alvarez et al. (2022) investi-
gate the modeling product innovation from renewable 
energy based on an exergy methodology. Through energy 
conservation and environmental protection, the method 
helps to shift towards a circular economy. 

Different types of renewable energy have received at-
tention, given they all have applications where they can 
be advantageous. Cano et al. (2020) apply life cycle as-
sessment based on exergy indicators to contrast the use 
of renewable and non-renewable resources in processes 
in a circular economy. Various renewable resources from 
nature are considered, including hydraulic, solar and wind, 
allowing for a reduction in consumption of non-renewable 
resources. Alvarez et al. (2022) consider the innovation of 
products utilizing renewable energy to satisfy environmen-
tal protection regulations. Their focus on exergy helps in 
climate change mitigation and achieving a circular econo-
my. Novak (2017) focuses on a sustainable energy system 
based on renewable energy in support of a circular econ-
omy, following exergy methods. The author stresses how 
the circular economy necessitates exergy considerations 
in technology and economic patterns.

Solar energy has received much attention in recent 
years and applications have grown considerably, espe-
cially in the area of photovoltaic (PV) systems. Bartie et 
al. (2020) focus on the role of metallurgical infrastructure 
in their analysis of the resource efficiency of the circular 
economy, focusing on cadmium telluride PV technology 
and its life cycle. The work focuses on thermodynamic lim-
its that are made clear with exergy methods. Bartie et al. 
(2021) assess solar resources from an exergy perspective 
through photovoltaic technology, and examine the opportu-
nities it provides for a circular economy. The authors focus 
on opportunities for recovery of resources to sustain PV 
industry growth through consideration of the PV life cycle, 
and point out how the technical limits of circularity are 
highlighted via exergy methods.

Alternative fuels: Various fuels that are alternatives to 
fossil fuels have been considered from exergy perspec-
tives, in support of a circular economy. These fuels facil-
itate the use of renewable energy sources in most cases, 
thus making energy systems more circular.
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One important alternative fuel is hydrogen, which has 
received increasing interest in recent decades. Martín-
ez-Rodríguez and Abánades (2020) assess and compare 
hydrogen production techniques (e.g., electrolysis and 
pyrolysis) with exergy methods. The work can support 
a hydrogen economy, in which the main energy carriers 
are electricity and hydrogen, which in turn can support a 
circular economy. Sharma et al. (2020) investigate hydro-
gen energy trends as part of a waste-to-energy nexus and 
thereby part of a circular economy. They focus on hydro-
gen yields, economics, research and development needs, 
commercial viability and sustainable development, all in 
support of a circular economy. They note the imperative 
need for a circular economy and sustainable develop-
ment. Novak (2017), in considering exergy as sustaina-
bility measure for energy systems, proposes hydrogen 
production from solar and planetary energy at high exer-
gy efficiency as a means to a circular economy that can 
support the development of societies. The work focuses 
on known chemical processes and existing infrastructure, 
with an aim of reducing the harm caused by fossil fuels 
and their resource limitations.

Another important alternative fuel is methanol. Vilardi 
et al. (2020) investigated methanol production with exergy 
methods via biogas upgrading routes. The authors claim 
these are key to a circular economy by permitting reuse of 
wastes. Novak (2017) proposes methanol from solar and 
planetary energy as part of a circular economy, partly in ex-
tension of work on hydrogen production. The work, based 
on exergy methods, incorporates carbon recycling.

Novak (2017) proposes synthetic methane produced 
from solar and planetary energy as part of a sustainable 
energy system in support of a circular economy. The work 
is founded on an exergy approach. The work provides an 
interesting focus, given methane is a key constituent of 
natural gas, but the synthetic nature of the product meth-
ane avoids issues associated with natural gas utilization.

Vilardi et al. (2020) focus on biogas production and 
treatment to generate alternative bio-derived fuels for a 
circular economy, drawing on waste sources and exergy 
methods. Following an exergy approach, Novak (2017) pro-
poses using solar and planetary energy like biomass within 
a circular economy to produce gaseous and liquid fuels, via 
chemical processes.

5.1.2	Non-energy resources
Non-energy resources have been examined using ex-

ergy methods, sometimes focusing on a circular econo-
my. North and Jentsch (2021) adopt a circular economy 
approach that involves decoupling resource consumption 
from resource depletion. Gai et al. (2021) examine the 
recycling of multiple resources, by considering materials 
recovery, exergy demand and economics as well as the 
trade-offs between them. They apply the work to industrial 
and urban processes. In support of sustainable production 
and consumption, Hernandez and Cullen (2019) propose 
exergy as a universal metric for increasing resource effi-
ciency and reducing global carbon emissions. They work 
is developed under the rubric of material efficiency or cir-
cular economy, and has the potential for widespread appli-

cation in many disciplines given its “universal” intent and 
approach.

Much work on non-energy resources relates to met-
allurgy and metals. Reuter et al. (2019) examine material 
and metallurgical issues from the viewpoint of product 
design, within a circular economy. They utilize a product 
(mineral)-centric approach and clarify limitations of mate-
rial-focused considerations. Abadías Llamas et al. (2020) 
report an exergy analysis of zinc production for large cir-
cular economy systems. The exergy-based methodology 
demonstrates resource efficiency limits through exergy 
dissipation, in terms of material losses. Hannula et al. 
(2020) examine aluminum recycling and related process-
es with exergy, focusing on separation processes. Through 
the work, they demonstrate that recycling and process met-
allurgy are the main enablers of a circular economy. Cano 
et al. (2020) examine gold mining using exergy indicators 
within a life cycle assessment. They consider both open-pit 
and alluvial mining. Applying a circular economy focus, the 
helps in reducing resource consumption. Focusing on cad-
mium telluride production, Bartie et al. (2020) examine the 
roles of mineral processing, extractive metallurgy and met-
allurgical infrastructure in a circular economy, while con-
sidering thermodynamic limits via exergy methods. Making 
metal processes more circular is an important need in a 
circular economy, given the pervasiveness of the usage of 
metals. Finally, Llamas et al. (2024) use exergy to quantify 
resource dissipation for metallurgical processes and point 
out how it provides an appropriate and complementary re-
source efficiency indicator for them.

Other work on non-energy resources involves non-met-
al materials and, like metal processes, making them more 
circular is an important need in a circular economy given 
their extensive usage. Reuter et al. (2019) examine material 
factors, within a circular economy and identify limitations 
of material-focused considerations through exergy. Cano 
Londoño and Cabezas (2021) present their perspectives on 
a circular economy via a supply chain strategy, considering 
the thermodynamic limitations in terms of exergy factors. 
The work focuses on maintaining materials in a useful 
state in products, and avoiding losses and dissipation. Spe-
cific materials have also been examined. Textiles like cot-
ton have been assessed by Popescu et al. (2022) for their 
exergy footprint in terms of recycling. Popescu et al. (2022) 
also examine polyethylene production in a related manner. 
The work involves the entire process chain of polyethylene 
synthesis by recycling cotton waste, and demonstrates 
how circular economy approaches tend to decrease the ex-
ergy footprint. Russo et al. (2021) examine the production 
and recycling of polymers and plastic based on exergy. The 
work is useful for developing recycling processes for plas-
tics. Ortego et al. (2023) extend this work focusing on plas-
tic car parts, highlighting the recycling challenges because 
of the wide variety of plastics used. Huysman et al. (2017) 
examine post-industrial plastic waste and relevant perfor-
mance indicators for a circular economy, accounting for cu-
mulative exergy extraction. Some of the indicators are ob-
served to be useful for guiding how to use waste streams, 
based their quality and environmental considerations.
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5.2	Chemical processes
Many investigations have been reported of chemical 

processes a circular economy, following exergy methods, 
and this is not surprising given the particular benefits of ex-
ergy to processing operations of a chemical nature in par-
ticular. Focusing on a chemical engineering context, Cano 
Londoño and Cabezas (2021) examine various views on a 
circular economy and sustainable development, consider-
ing the thermodynamic limitations through exergy. A wide 
range of diverse chemical processes have been consid-
ered. The benefits are demonstrated of efficient resource 
use and efficient technology. As well, the valorization and 
minimization of wastes is rationalized and quantified via 
exergy.

Many specific chemical processes have been investi-
gated. Sharma et al. (2020) investigate hydrogen energy 
trends, in support of a circular economy, considering bio-
logical and chemical processes for wastes. They consider 
such processes as dark fermentation, photofermentation, 
and combined dark and photofermentation, as well as pre-
treatment methods including heat treatment, acid or base 
treatment, ultrasonication, aeration and electroporation. 
Vilardi et al. (2020) examine several processes for biogas 
upgrading to biomethane (amine scrubbing, water scrub-
bing and membrane separation) with exergy methods, con-
sistent with the precepts of a circular economy. The upgrad-
ed biogas is developed to meet the standards for injection 
into a grid, and is also usable directly. Vilardi and Verdone 
(2022) also examine with exergy the processes involved in 
waste incineration, including oxy-combustion, air separa-
tion and flue gas recirculation. Waste reuse is confirmed 
through the results to be an important aspect of a circular 
economy. In examining with exergy methods the polymers 
and plastics production and recycling, Russo et al. (2021) 
consider the life cycle of nine commercial polymers and 
the resource consumption during all processes to generate 
the crude polymeric material. By considering such a variety 
of polymers, the generality of the exergy-based approach is 
demonstrated to have great breadth. In investigating pol-
yethylene production via the exergy footprint, Popescu et 
al. (2022) consider all processes polyethylene synthesis 
by recycling waste, highlighting the advantages of a circu-
lar economy approach. Hannula et al. (2020) examine the 
production of alloys with exergy-based and LCA methods, 
focusing on physical separation (e.g., using an eddy cur-
rent separator) and re-melting processes, illustrating how 
exergy methods support circularity through more efficient 
resource use. 

5.3	Waste utilization, recycling and end-of-life pro-
cesses

Much research has been reported on waste utilization, 
recycling and end-of-life processes, incorporating exergy 
methods. Such work is founded on the rationale values 
of the usefulness of wastes and inputs provided with ex-
ergy methods. de Almeida and Borsato (2020) investigate 
waste to energy processes and their contribution to a cir-
cular economy, following an exergy-based method that 
considers exergy flows. They obtain broad results in the 

areas of environmental impact, efficiency and economics, 
and consider the trade-offs involved in reuse, recycling and 
incineration.

Many specific waste utilization, recycling and end-of-
life processes have been investigated in line with the con-
cepts of a circular economy. In examining biogas upgrad-
ing processes, Vilardi et al. (2020) examine with exergy 
analysis the reuse of industrial by-products and agro-in-
dustrial wastes, for several energy intensive sectors. Vilar-
di and Verdone (2022) also examine by exergy methods 
the use of municipal solid waste to contribute to a circular 
economy, through incineration. Waste to energy processes 
have also been investigated from an exergy perspective as 
an important aspect of a circular economy by Sharma et al. 
(2020), providing an avenue for about waste management 
in a manner that supports a circular economy. Huysman et 
al. (2017) consider plastic waste processing for a circular 
economy, accounting for indicators to quantify the circular 
economy performance based on exergy. 

Finally, many studies have focused on applications of 
recycling to contribute to the circular economy through 
exergy approaches. Gai et al. (2021) examine trade-offs 
in recycling multiple resources, as well as the advantag-
es in terms of circularity. The criteria applied are derived 
from exergy through a circular exergy use rate, and these 
are straightforwardly contrasted with the results of more 
conventional approaches. In assessing via exergy methods 
resource recovery opportunities as a means of circularity, 
Bartie et al. (2021) use neural networks to investigate a 
system’s response to variations in end-of-life processes 
and recycling. They consider primary resource and elec-
tricity use and environmental emissions. Popescu et al. 
(2022) assess with an exergy approach the use of recy-
cling in textile production, drawing on a procedure for in-
dustrial chemical recycling. The widespread pervasiveness 
of textiles globally, in countries of greatly varying levels of 
wealth, make this application particularly impactful across 
the planet. de Almeida and Borsato (2020) study end of life 
processes in waste treatment of industrial products, con-
sidering reuse and recycling, via an exergy-based method, 
that supports a circular economy. Polymer and plastic re-
cycling is examined based on exergy by Russo et al. (2021), 
via thermodynamic recycling indexes that are founded in 
exergy. Reuter et al. (2019) examine design for recycling 
with a product-centric approach using exergy to address 
circular economy challenges. The product-centric nature 
of this approach makes it different from many other meth-
ods, but it still is contingent on applying exergy concepts. 
Llamas et al. (2024) quantify resource dissipation using an 
exergy approach and indicate that it provides an appropri-
ate and complementary resource efficiency indicator for 
recycling processes. 

5.4	Advanced exergy-based methods for a circular 
economy

Many investigations have been reported focusing on 
the development of advanced exergy-based methods 
in support of a circular economy, and their applications 
in numerous areas. Many of these studies relate only to 
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thermodynamic techniques, while others go beyond ther-
modynamics, covering such areas as the environment and 
economics and more broadly design and optimization. All 
of these can support a circular economy, either directly or 
indirectly.

5.4.1	Methods for resources and energy
Numerous studies have examined means of increasing 

efficiency. North and Jentsch (2021) apply exergy meth-
ods to buildings heating processes to identify efficient re-
source options and conserve energy resources in support 
of a circular economy. Hernandez and Cullen (2019) use 
exergy methods to increase resource efficiency in support 
of sustainable production and consumption via a circular 
economy. Cano et al. (2020) investigate means to increase 
efficiency through reducing exergy wastes by applying ex-
ergy methods and exergy life cycle assessment to support 
a circular economy, and apply them to mining processes. 
Although a unique type of operation, mining is nonetheless 
widespread globally, rendering the work described here im-
portant for more circular use of mined resources.

Hernandez and Cullen (2019) propose a resource effi-
ciency metric based on exergy, in a sense as a universal 
metric. They find that such an exergy-based resource effi-
ciency metric has high relevance and robustness, and can 
help raise awareness and understanding about exergy and 
its benefits for a circular economy. The benefit of a univer-
sal approach in this approach is quite significant, as one 
criticism of exergy methods can be that they have to be 
tailored to individual processes or operations. A universal 
approach once widely accepted could therefore advance 
the exergy-based resource efficiency metric rapidly.

Gai et al. (2021) propose a multi-resource integration 
map for processes (e.g., recycling) as a way of managing 
the trade-off between process circularity and the expendi-
ture of resources (energy, economic, etc.). The technique 
considers multiple resources, and such activities as mate-
rials recovery. 

Gai et al. (2021) also propose a total circularity index, 
developed by integrating circular exergy use rate and cir-
cular material use rate. The technique constitutes a way 
of providing guidance for the integration of multi-resource 
systems, and an understanding of economic and exergy 
performance of circular economy options. A good degree 
of practicality is reflected in this approach as well as the 
one described in the prior paragraph through their recogni-
tion of the necessary trade-offs when striving for circularity.

To focus on sustainability in a realistic manner, Huys-
man et al. (2017) propose a performance indicator for a 
circular economy based on cumulative exergy extrac-
tion from the natural environment, and apply it to waste 
streams and their treatment options for plastics. The in-
dicator is useful for valorization of waste streams and at-
taining and comparing environmental benefits. The appli-
cability of this approach is great, due to the broad use of 
plastics, providing significant potential in moving towards 
a circular economy. 

5.4.2	Methods for the environment
To aid in environmental protection and energy conser-

vation, Alvarez et al. (2022) propose eco-innovation, i.e., a 
technique involving product innovation focusing on renew-
able energy use. The transdisciplinary technique involves 
exergy methods and knowledge management, and bolsters 
a circular economy. This is particularly evident in the sub-
stitution it envisions of renewable energy for fossil fuels.

Popescu et al. (2022) develop and utilize the exergy 
footprint concept and apply it to recycling. The process 
stages are identified and examined, with subsequent ef-
forts made to reduce or eliminate wastes and reduce exer-
gy input, thereby decreasing the exergy footprint. Doing so 
enhances circularity directly.

Numerous researchers consider life cycle assessment 
and related techniques as key to a circular economy. Han-
nula et al. (2020) consider aluminum recycling using ex-
ergy and life cycle assessment, as a means to enabler a 
circular economy. Resource efficiency and environmental 
impacts are determined through exergy analysis and life 
cycle assessment, along with modeling and simulation. 
The significant benefits of assessing and addressing envi-
ronmental issue via a life cycle assessment approach are 
notably enhanced by the incorporation into the approach of 
exergy concepts. Cano et al. (2020) apply exergy life cycle 
assessment and related indicators to investigate the min-
ing sector.

Many researchers consider decarbonization as part of 
a circular economy, exploiting the advantages of exergy 
methods. North and Jentsch (2021) formulate an approach 
focusing on exergy to decarbonizing building heating. Xie 
et al. (2023) examine the nexus between low-carbon and 
circular economies. They show how low-carbon actions and 
circular practices can work together at various scales and di-
mensions, and suggest bio-waste management and renew-
able energy use, and adjusting the mix of circular actions to 
follow the transition to a low-carbon energy. Hernandez and 
Cullen (2019) propose exergy metrics for reducing global 
carbon emissions as well as increasing resource efficiency, 
and consider numerous efficiency metrics as a means of 
powering a low-carbon transition. Novak (2017) examine 
and promote industrial decarbonisation through the utiliza-
tion of exergy as a universal metric for resource efficiency 
renewable energy in support of a circular economy, follow-
ing exergy methods. The author emphasizes how renew-
able energy supports a circular economy. This approach, 
and the others noted in this paragraph, further point out the 
benefit of exergy methods in efforts for a circular economy.

In a somewhat related way, numerous researchers con-
sider climate change using exergy methods, in support of a 
circular economy. In one example, Alvarez et al. (2022) ap-
ply eco-innovation along with renewable energy to mitigate 
climate change. This approach is extremely noteworthy, 
given the significance and urgency of challenges related to 
climate change. 

5.4.3	Methods for economics, design and optimization
Abadías Llamas et al. (2020) report and apply a ther-

moeconomic technique that combines exergy methods 
(i.e., a thermodynamic perspective) with economics. The 
technique demonstrates resource efficiency limits, in terms 
of material losses and exergy dissipation and resource-ef-
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ficient alternative to minimize wastes, and is shown to be 
useful for circular economy systems. 

Reuter et al. (2019) examine challenges of a circular 
economy material from a product design perspective fac-
tors, including design for recycling following a product-cen-
tric approach and assisted by exergy considerations. The 
authors focus on using wastes as resources and extending 
product life cycles for maximizing resource efficiency, and 
apply the research to metallurgical processing.

Bartie et al. (2020) consider factors related to optimi-
zation within a circular economy and demonstrate how the 
true performance is related to thermodynamic limits estab-
lished with exergy methods, and apply the work to photo-
voltaic systems.

Given the importance of design in engineering, and the 
great value of optimization, especially when accounting for 
economics, these methods are potentially very important 
to the engineering community. 

5.5	Broader applications of exergy methods for a 
circular economy

Studies have been undertaken on broader applications 
of exergy methods for a circular economy, often focusing 
on the large scale, including research in support of policy 
making and sustainability. These broader applications are 
significant, as broader and larger applications of exergy ap-
proaches to a circular economy, can have a multiplier effect 
compared to applications to single processes or systems.

North and Jentsch (2021) examine the use of exergy in 
policy making related to a circular economy, in particular to 
prioritise the reuse of these freely available heat sources 
from wastes and renewable sources. The approach helps 
in decoupling resource consumption from depletion. The 
authors consider building heating along with heat net-
works, and examine the use of exergy methods in city en-
ergy planning to identify and prioritize resource efficiency 
and energy resource conservation. 

The topics of sustainability and sustainable develop-
ment, which are attracting increasing attention in recent 
years, are in line with a circular economy and can be en-
hanced with exergy methods. Cano Londoño and Cabezas 
(2021) identify and investigate perspectives on a circular 
economy in the context of and sustainable development. 
The work aims to materialize the environmental sustaina-
bility of supply chains, considering exergy to acknowledge 
thermodynamic limitations, and seeks to make production 
processes more sustainable, especially in the domain of 
chemical engineering. In examining hydrogen production 
options with exergy methods, Martínez-Rodríguez and 
Abánades (2020), point out the importance of a hydrogen 
economy and how hydrogen is produced affects the sus-
tainability of a hydrogen economy. Xie et al. (2023) demon-
strate how a circular economy and low-carbon economy 
can be viewed as pillars of sustainable development. They 
show how practices in these areas can be mutually ben-
eficial and support sustainable development of various 
entities of many sizes. They go beyond economic and en-
vironmental sustainability by pointing out the importance 
of considering social sustainability. In examining chal-

lenges to a circular economy, Reuter et al. (2019) show 
how integrating product-centric considerations in various 
domains (e.g., energy, water, industry, transport) can help 
in improving or maximizing the resource efficiency and 
make cities sustainable in the future, thereby contributing 
to the Sustainable Development Goals of the United Na-
tions. Since humanity is now more than half way through 
the 2015-2030 time frame set for the Sustainable Devel-
opment Goals, and most experts suggest there is signifi-
cant effort still needed since progress notably lags what 
was expected, the impact of this method may be high and 
widespread. 

5.6	Fields of application of exergy methods for a cir-
cular economy

Many fields have been the focus of investigations on 
the application of exergy methods to support a circular 
economy, particularly in industry and regions. A selection 
of these is shown in Figure 1, and details are provided be-
low.

Industries have been examined with exergy methods to 
enhance how they can support a circular economy, both at 
the general level and for specific industries. Industrial pro-
cesses in general are examined from an exergy viewpoint 
by Hernandez and Cullen (2019), particularly regarding de-
carbonisation and resource efficiency. The show that, to 
reduce carbon emissions, industry needs to increase both 
energy efficiency and material efficiency. In discussing 
the need for exergy in design education, Dincer and Rosen 
(2021) describe a circular economy and education model 
incorporating exergy for a dairy facility.

Cano Londoño and Cabezas (2021) examine the chem-
icals sector and its industries to identify circularity factors 
and opportunities, using exergy methods. These industries 
are primarily involved in transforming raw materials into 
products.

North and Jentsch (2021) focus on buildings and the 
building sector in developing an exergy approach support-
ive of a circular economy. They point out the importance 
of the building sector by pointing out that building heating 
accounts a significant portion of the energy consumption 
and greenhouse gas emissions in many countries.

Russo et al. (2021) and Ortego et al. (2023) apply exer-
gy-based assessments to automobiles and the automotive 
sector. The work has implications for the material content 
of vehicles and their components, recycling, efficiency and 
decarbonization. That work also demonstrates the impor-
tance of car part materials on design and end-of-life man-
agement to promote circularity.

The electricity generation sector has been the subject 
of numerous studies using exergy methods, in line with its 
role in a circular economy. North and Jentsch (2021) de-
scribe the burdens on electricity infrastructures if heating 
processes becomes electrified in the future and if renewa-
ble energy is increasingly used to provide electricity, hydro-
gen and heating. Xie et al. (2023) investigate low-carbon 
and circular economies, focusing issues affecting a circu-
lar economy in relation to carbon-intensive electricity. No-
vak (2017) presents a vision for a sustainable energy sys-
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tem premised on solar and other natural energy being used 
to produce renewable electricity and where appropriate 
hydrogen. The vision is consistent with a circular economy 
and is developed using exergy methods. Bartie et al. (2020) 
and Bartie et al. (2021) examine photovoltaic technology 
over its life cycle, utilizing exergy methods, and how such 
technology is a key component of a circular economy. 

Supply chains have received attention, as applied to 
various industries. In examining energy use and its relation 
to a circular economy, Cooper et al. (2017) identity supply 
chain impacts through input-output analyses. This work en-
ables prioritization of the areas in which circular economy 
approaches have the strongest potential for supply chains. 
Cano Londoño and Cabezas (2021) propose a supply chain 
strategy that includes limitations identified through exergy 
methods, as a means of supporting a circular economy. 
The strategy allows for the materialization of the environ-
mental sustainability of supply chains. While examining 
low-carbon and circular economies, Xie et al. (2023) de-
scribe the need for regional supply structure and circular 
economy chains to address the trade-offs arising from car-
bon-intensive energy and raw material scarcity.

Regions have also been studied using exergy meth-
ods to enhance their contribution to a circular economy. 
As pointed out earlier, such broader applications of exergy 
approaches to a circular economy can have a much more 
widespread impact compared to applications to single pro-
cesses or systems, making the activity for regions notable. 
Xie et al. (2023) investigate with exergy methods the bene-
fits of urban-industrial symbiosis and the need to address 

urban-industrial planning and challenges. They demon-
strate the importance for decision-makers to minimize 
trade-offs while maximizing synergies to support a circular 
economy. Gai et al. (2021) develop a method involving ur-
ban symbiosis where product demands are satisfied by a 
set of waste resources, with or without processing. Appli-
cable to industrial and urban processes, the method can 
help guide the integration of multi-resource systems by 
determining economic and exergy performance of circular 
economy measures. Cooper et al. (2017) provide insights 
on a circular economy for macrosystems like countries and 
regions, from an exergy perspective. Although focused on 
energy use, the implications are broader and permit prior-
itizing areas where circular economy measures can have 
noteworthy impacts.

6.	 GUIDELINES FOR EXERGY ANALYSES RE-
LEVANT TO A CIRCULAR ECONOMY

As a consequence of the critical review presented in 
this article, guidelines for exergy analysis can be developed 
relevant to a circular economy. This is done in this section, 
first by presenting steps for exergy analyses for a circular 
economy, and then by comparing exergy analysis with con-
ventional approaches.

6.1	Steps for exergy analyses for a circular economy
Exergy analysis uses these concepts to specify quanti-

tatively limitations by expressing losses in terms of exergy. 
As only a portion of the input exergy to a system or process 
can be recovered, exergy analysis provides theoretical limi-

FIGURE 1: Selected fields of application of exergy methods to support a circular economy.
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tations for a system. Exergy analysis always indicates that 
exergy cannot conserved is conserved by a real system, but 
is conserved in the limiting case of a reversible or an ideal 
system. All of these ideas pertain to a circular economy.

A procedure for performing energy and exergy analyses 
of a process or system in the context of a circular economy 
can be developed. It involves the following steps: 

•	 Subdivide the process or system into sections to match 
level of detail and information desired in the context of 
assessing circularity for a circular economy.

•	 Perform conventional mass and energy balances, and 
determine relevant quantities (e.g., work, heat, mass) 
and properties (e.g., temperature, pressure), ensuring 
all needed values to assess a circular economy are ac-
counted for, both for the system or process being exa-
mined and modified versions to improve circularity.

•	 Select a reference-environment model, accounting for 
characteristics of process/system, information sought, 
accuracy required and analysis complexity for asses-
sing contribution to a circular economy.

•	 Determine energy and exergy values, relative to se-
lected reference-environment model. 

•	 Develop exergy balances, including determination of 
exergy consumptions, to allow the circularity to be 
assessed for existing and modified versions of the sy-
stem or process.

•	 Select and evaluate appropriate measures of merit 
(e.g., exergy efficiencies or indices) that assess level 
of circularity attained and the contribution to a circular 
economy.

•	 Interpret results, draw appropriate conclusions and 
make recommendations in the context of improving 
the system or process through the principles associa-
ted with a circular economy.

Some of these steps are common with exergy analyses 
in general, while others are unique for a circular economy. 

A breakdown of the steps in the procedure for perform-
ing energy and exergy analyses of a process or system, in 
the context of a circular economy with emphasis on those 
aspects, is presented in Table 1.

Note that it is important to recall the definition of exer-
gy at all times, and to differentiate it from energy. Exergy 

is a measure of the ability to perform work. This can be 
applied to exergy a flow or commodity. Either way, exergy 
is the maximum work can be obtained from it as it passes 
reversibly to the environmental state, exchanging materials 
and heat only with the surroundings.

6.2	Comparison of exergy analysis with conventio-
nal approaches

A comparison of exergy analysis with conventional ap-
proaches for assessing and improving circularity can be 
useful and instructive. Hence one is provided here, through 
the following points:

•	 Exergy analysis allows true measures of thermodyna-
mic efficiency and loss to be attained, whereas energy 
analysis does not. This making assessments regarding 
the advantages of circularity based on energy can lead 
to erroneous or skewed results. Assessments based 
on exergy values avoid such problems and are always 
based on efficiencies that measure approach to ideality 
and losses that measure deviations from ideality.

•	 System improvements based on enhanced circularity 
are more meaningfully developed and assessed based 
on exergy, as the true values of losses are identified in 
terms of their exergy. This allows rational decisions 
about which losses are worth recovering at all, and 
what the priority should be for recovering and reusing 
separate loss quantities or flows. Also, the true advan-
tage of the circularity efforts in terms of modified sy-
stems are clearly assessed in this manner.

•	 Circularity improvements are quantified in all respects 
when exergy analysis is applied, since exergy losses 
are identified in all respects (e.g., causes, locations, 
quantities). Thus, more comprehensive information is 
provided and enhanced decisions can be correspondin-
gly made.

7.	 ILLUSTRATIVE EXAMPLE OF EXERGY 
ANALYSES FOR A CIRCULAR ECONOMY: 
TRIGENERATION

An illustrative example based on a trigeneration pro-
cess is presented to help explain the method of exergy 

Step Actions Circularity aspects

1 Subdivide process or system into appropriate sections Select sections to provide information desired for assessing circularity 

2 Perform conventional mass and energy balances, and determine rele-
vant quantities and properties

Ensure values for assessing a circular economy are evaluated, for exist-
ing system or process and modified versions to improve circularity

3 Select a reference-environment model for evaluating exergy Account for characteristics of process or system and information 
sought for assessing contribution to a circular economy

4 Determine energy and exergy values, relative to selected reference-envi-
ronment model

Ensure all values necessary to evaluate circularity are attained.

5 Develop exergy balances, including exergy consumptions Obtain accurate balances for all system or process parts that affect 
circularity and its assessment for existing and modified versions

6 Select and evaluate appropriate measures of merit (e.g., efficiencies) Select appropriate measures for assessing level of circularity attained 
and the contribution to a circular economy

7 Interpret results, draw appropriate conclusions and make recommen-
dations 

Carry out interpretation steps from the perspective of improving the 
system or process through circular economy principles

TABLE 1: Procedure for exergy analysis of a process or system in the context of a circular economy.
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analyses for a circular economy, and the benefits it can 
provide. 

7.1	Trigeneration
Trigeneration is a process that produces three products 

simultaneously from an input, rather than in separate pro-
cesses for each product. Often the products are electricity, 
useful heat and useful cooling. 

A general trigeneration system is shown in Figure 2, 
where three distinct products are generated from a single 
input in a single process.

A specific trigeneration process in which the three prod-
ucts are electricity, useful heat and useful cooling is pre-
sented in Figure 3.

To avoid confusion and provide clarity, it is noted that 
cogeneration is a simplified and more common form of tri-
generation. Cogeneration is the generation of two products, 
typically electricity and useful heat, in a single process rath-
er than in separate electricity generation and heating pro-
cesses. Trigeneration can thus be seen to be an expanded 
form of cogeneration, which typically yields useful cooling 
as a third product in addition to electricity and useful heat. 

Interest in both cogeneration and trigeneration has ex-
panded as concerns grew about energy supplies, costs and 
environmental impacts have grown, as such systems can 
be more efficient than separate systems for each product. 

7.2	Trigeneration to improve circularity
The manner by which trigeneration contributes to a 

circular economy can be seen most readily by considering 
the conventional alternative to it, which is three separate 
processes (one for electricity generation, one for heating 
and one for cooling). Three such processes are shown in 
Figure 4.

When these three processes are integrated in a manner 
to enhance circularity, several options become possible:

•	 The loss from the electricity generator (waste heat) can 
be redirected to provide the product heat, thereby avoi-
ding the loss and eliminating the need for a resource 
input to the heater.

•	 The loss from the electricity generator (waste heat) 
can be redirected to be the input to the chiller (if am 
absorption chiller, which is a heat-driven device is used, 
thereby avoiding the loss and eliminating the need for a 
resource input to the chiller.

•	 Some of the product electricity from the electricity ge-
nerator can be redirected to be the input to the heater, 
thereby eliminating the need for a resource input to the 
heater (although at the sacrifice of some of the electri-

cal product from the electricity generator). 
•	 Some of the product electricity from the electricity ge-

nerator can be redirected to be the input to the chiller (if 
a vapor compression chiller, which is typically electri-
cally driven), thereby eliminating the need for a resource 
input to the chiller (although at the sacrifice of some of 
the electrical product from the electricity generator).

Any of the four options listed above can improve circu-
larity compared to separate processes for electricity gen-
eration, heating and cooling. Also, various combinations 
of the above four options can also help improve circular-
ity. The best option depends on the characteristics of the 
inputs, wastes and products, including their values, and 
these are often best determined using exergy methods, 
rather than the more conventional energy methods.

It is pointed out that this illustrative example is not just 
theoretical, but quite practical. In many locations across 
the globe, power plants driven by on fossil fuels are re-
placed or modified so that waste heat from these power 
plants is no longer wasted, but instead utilized to produce 
heating and/or cooling. The benefit of trigeneration can be 
reduced input fuel use and wastes, in line with the circu-
larity improvements. That is, trigeneration is able to miti-
gate environmental impact by facilitating the use of waste 
heat for cooling and/or heating, thereby offsetting either 
burning fossil fuel or consuming electricity. The produc-
tion of three products from a single input via trigenera-
tion boosts efficiency notably. In addition, there can also 
be a reduction in operating costs, and when carbon taxes 
are applied, trigeneration can lower the carbon tax paid 
by recovering waste heat and converting it to additional 
products. 

8.	 PERSPECTIVE AND LONG-TERM VIEW OF 
EXERGY ANALYSES RELEVANT TO A CIRCU-
LAR ECONOMY

Based on the findings in the literature presented in this 
article, a perspective and long-term view can be developed 

FIGURE 3: A trigeneration system for electricity, useful heat and useful cooling.

FIGURE 2: A general trigeneration system.
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of the topic of exergy analyses relevant to a circular econo-
my. This is done in this section.

The following points cover several key aspects of such 
a perspective and long-term view the topic of exergy analy-
ses relevant to a circular economy:

•	 First, exergy methods are important in general for un-
derstanding thermodynamic efficiencies and losses for 
processes and systems, and for making decisions on 
system improvements. When exergy methods are not 
employed, and more conventional methods like energy 
analysis are used, the results can be misleading and so-
metimes erroneous.

•	 Second, given the importance of exergy methods, as 
raised in the last point, it is perhaps not surprising that 
exergy is proving to be important and relevant to a cir-
cular economy. The same reasoning on why exergy me-
thods are important in general, also apply to methods 
to improve circularity of systems and processes.

•	 Third, elaborating on the last point, it is emphasized 
that based on the literature review decisions regarding 
improving the circularity of processes and systems are 
made in terms of meaningful efficiencies and mea-
ningful loss avoidance when such decisions are based 
on exergy, through the application of relevant exergy 
methods.

•	 Finally, it is anticipated, based on the review presented 
here and the numerous benefits pointed out by applying 

exergy methods, that applications of exergy methods 
to enhance circularity of systems and processes, and 
thereby contribute to a circular economy, will grow in 
number and expand in disciplines reflected and regio-
nal areas of employment.

9.	 CONCLUSIONS
The benefits of using exergy as a tool for addressing a 

circular economy, in particular by identifying and explaining 
the benefits of sustainable energy, has been demonstrat-
ed. It is concluded that the concepts encompassing exergy 
have a significant role to play in addressing a circular econ-
omy and increasing sustainable energy use. Exergy clear-
ly identifies efficiency improvements and reductions in 
wastes and environmental impacts attributable to sustain-
able energy, and enhances understanding of environmen-
tal benefits and economics. Exergy should prove useful in 
such activities to engineers and scientists, as well as deci-
sion and policy makers in addressing a circular economy. 
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