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Abstract

A thorough investigation of literature about thelaten between exergy and
sustainability was conducted in September 2010. o&erview of opinions and
methods in the field of exergy analysis and suatality is briefly presented. Exergy
analysis has several advantages compared to eremglysis, but a careful
underpinning of the relation between exergy andasuability has not yet been
found. Sustainability consists of environmentalpremmic and social sustainability.
Especially the social aspect of sustainability &, ror just minimally, taken into
account in the methods found in literature. Durinire research, the consequences
of involving exergy analysis in decisions regardiiugure energy supply will be
investigated with respect to the three aforemesticaspects of sustainability.

Introduction

Many publications have been written about exergglyais, sustainability and
combinations thereof. As already stated in [1,2leré is a need for a careful
underpinning of the relation between exergy andasusbility. Sustainability is
usually described as consisting of three pillarszi,enmental, economic and social
sustainability, see e.g. [3]. In 1994 it was codeld that exergy loss is at least a
qualitative measure that can be used in environmhgmblicy making regarding
technological processes [4]. Exergy analysis maisable where quality of energy is
lost. This loss of energy quality cannot be madibie in energy analysis, while it is
this energy quality that we need to carry out thiegs we want to do. By identifying
the places where quality of energy is lost, exesgglysis clearly pinpoints where
improvements should be made. Exergy analysis cam la used to determine the
thermodynamic optimum of e.g. a process or a planbther advantage of exergy
analysis is that in exergy analysis both mass aretgy flows can be taken into
account by means of their exergy values, thus witltbe need of classification
factors. This publication is the result of a thagbunvestigation of what has been
published about the relation between exergy anthsadbility. It provides, in brief, an
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overview of opinions and methods that the authegard as the most relevant when
looking for an underpinning of the relation betwesergy and sustainability.

Research method

The search for scientific literature in the fielidexergy and sustainability started with
looking for publications with the word ‘exerg* agell as ‘sustainab* in the title, in
which the asterisk sign *’ acts as a wildcard. éterthe catalogue of Scopus [5] was
explored with the query ‘TITLE(exerg*) AND TITLE(stainab*)’. In addition, in
Scopus also the query ‘TITLE(thermodynamic*) AND TLE(sustainab*) AND
TITLE-ABS-KEY (exerg*)’ was carried out. Because $os does not cover all
publication years of the two journals dedicatecexergy analysis, i.e. ‘Exergy, an
International Journal’ which was published in 20@id 2002, and its successor
‘International Journal of Exergy’ which has beerblmhed from 2004 onwards, also
literature searches were conducted with the uskeo$earch engines of Sciencedirect
[6] and Inderscience [7] respectively. The quermasried out in the database of
Sciencedirect were ‘TITLE(exerg*) and TITLE(sustiri) as well as ‘TITLE
(thermodynamic*) and TITLE(sustainab*)’. The datsb&f Inderscience was queried
with ‘article TITLE(exerg*) and article TITLE(sustaab*)’ and with ‘article TITLE
(thermodynamic*) AND article TITLE(sustainab*) ANMDIlI record(exerg*)’.

In addition the database of Google Scholar [8] searched for references with the
following words in the title: ‘exergy and sustaiteb ‘thermodynamics and

sustainable’, ‘exergy and sustainability’ or ‘themynamics and sustainability’.
Unfortunately it was not possible to use wildcaldke “*’ when searching the

database of Google Scholar.

The literature search was carried out in Septen#0 and resulted in 116
publications. The abstracts of these publicaticmgetbeen studied as far as they were
freely accessible via the website of the librarythed Delft University of Technology
and/or the regular worldwide-web. Based upon tretrabts, a number of publications
was selected for further reading, again as farreslyf accessible. The knowledge
gathered from studying these publications and edlaublications forms the basis of
this publication.

Exergy efficiency should be improved

According to [9 p.49] “Exergy can be considered tbenfluence of energy,

environment and sustainable development”. The astllsscuss the relationships
between exergy and three forms of environmentabohprder destruction and chaos
creation, resource degradation, and waste exerggsems. They describe that all
three forms of environmental impact decrease withraasing ‘process exergy
efficiency’. When the authors state that “Exergytmoels can be used to improve
sustainability” [9 p.49], they refer to the work f{0]. According to [10], exergy

analysis is one of the keystones for obtainingasnable development. The scope of
this work is limited to sustainable developmentoaggted with production and it is

stated that “for sustainable development the detstru of the exergy reservoirs of
natural resources has to be minimized to a levaltath there is no damage to the
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environment and at which the supply of exergy tohier generations is secured” [10

p.64]. In [10] sustainable development is limitedtdking into account the depletion

of natural resources and emissions to the enviroh@ued it is stated that there is no
depletion of resources and no emission to the enwient in a reversible process. At
this point, it is disregarded that conserving exetiges not mean no depletion of
resources, because in a reversible process a cescaould be transformed into a

product without exergy loss. A careful underpinnofgthe relation between exergy

and sustainability is missed in [9,10]. Furthermdine research mentioned above only
takes into account the environmental aspect oaswbility.

Exergy analysis contributes to sustainability, but...

Thermodynamics, exergy analysis, can contributéhte design of efficient and self-
sustaining technological-ecological networks thaperate within ecological
constraints”, but it is concluded that “No singleetnic (regardless how well
aggregated) or derivative criterion is able to nfiecompletely satisfactory solution
for all situations” [11 p.6]. It has also been et that exergy analysis should be used
in addition to other tools, like energy analysisdatwols from economics and
environmental sciences (e.g. cost-benefit analgsid environmental life cycle
assessment respectively) [12]. According to [1276]6"The link between the
efficiency of resource utilisation, pollutant eniisss, and ‘exergy consumption’ is
real, but not direct.” This is illustrated with tfect that there is no explicit difference
between exergy originating from a fossil energyrsewand exergy originating from a
renewable energy source. It is also being said @katgy evaluations are important
but that “exergy evaluations are not enough to ¢uilga system is sustainable in all
respects or not” because objections may be raided “farmland is used for
production of fuel instead of food in a world ofygoty and starvation, which makes
this into a moral issue” [13 p.228]. Based upors¢hepinions, it would be interesting
to investigate in more detail what exergy analgsigld contribute when striving for
sustainability.

The role of ecosystem goods and services

In [14] it is pointed out that the ecosystem goadsd services (in short: ecosystem
services) form the basis of planetary activitied anman well-being, and should be
taken into account when is aimed at sustainableldpment. The ecosystem services
can be divided into four categories [14]: provisi@nservices (“products directly
obtained from ecosystems, such as food and gerestonirces”), regulating services
(“benefits obtained from the regulation of ecosygsterocesses, including control of
climate and pollination”), supporting services (te that are necessary for the
production of all other ecosystem services, suchuisent and water cycles”) and
cultural services (“spiritual and recreational Héeepeople obtain from ecosystems,
such as knowledge systems, social relations, asitietec values”). According to [14]
provisional and regulating services are more os Bscounted for by LCA, exergy
and emergy analysis. The supporting and culturaligss are ignored, except for
LCA in which cultural services “may be considerad gocial LCA” [14 p.2234].
Emergy analysis‘characterizes all products and services in edenta of solar
energy, that is, how much energy would be neededot@ particular task if solar
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radiation were the only input’” [15 p.216]. The nmdhhas encountered a lot of
criticism which according to [15 p.218] mainly “see to stem from the difficulty in
obtaining details about the underlying computatias a lack of formal links with
related concepts in other disciplines”. Other mdghthat have been developed to take
into account (some of the) ecosystem goods andcssrare thd=cologically Based
LCA method (Eco-LCAJ16], Ecological Cumulative Exergy Consumption (ECEC)
[17] andEco-exergy[18]. The role of ecosystem goods and servicesksowledged,
but an undisputed and commonly accepted methodallysis is preferred. Maybe
this could be tackled by accounting for the surfatearth made unavailable to the
biosphere.

Exergy analysis and Life Cycle Assessment

Supposing that exergy efficiency or the loss ofrgxés a measure of sustainability, it

should be realized that the (exergetic) efficiensyally varies along the production

chain, i.e. a highly efficient final step in a pumtion process can be preceded by
highly inefficient intermediate process steps, aing versa. It is therefore relevant to

take into account the whole production chain [Hd, if applicable, also the use and
disposal/recycling of the product.

According to [10 p.61], the method of calculatingetCumulative Exergy
Consumptior{CEXxC) as introduced by [19] is “the first stepamfalysing the life cycle
on the basis of exergy”. The CEXC expresses “the sfl the exergy of natural
resources consumed in all the steps of a produptiocess” [19 p.171]. In calculating
the CEXC index, the network of production processeslivided into four levels
[19,20]. The first level to be analysed is the gssunder consideration, the so-called
final process. At this level the immediate consumptof fuels, non-energetic raw
materials, intermediate products as well as exemgsumption for transportation is
taken into account. The same holds for the secewdl in which the intermediate
products are produced and where also the extradtemmsportation and storage of the
fuels and non-energetic materials consumed in lexel are taken into account. The
third level produces the machines and installatimeesded in level one and takes into
account the extraction, transportation and storaigéuels and non-energetic raw
materials consumed in level two. Finally, in lefa@lr the production of machines and
installations for level two and for extraction atrdnsportation of fuels and raw
materials is considered. It is stated that it isallg unnecessary to proceed beyond the
second level because the first and second levelsuat for about ninety to ninety-
five per cent of the CEXC [19]. The CEXC is equerdlto Valero’'s ‘exergy cost’
method[21,22]. The concept of Exergetic Cost or Exexé&kpense of a physical
flow of a system is defined as “the amount of eyxgogr unit time to produce this
flow” [22 p.2].

The method calledCumulative Exergy Extraction from the Natural Eoviment
(CEENE) can be considered as an extension to adilegl the CExXC [23]. The
CEENE method “quantifies the exergy ‘taken awawnir natural ecosystems” [23
p.8477] and covers the withdrawal of natural resesiiincluding land use. Land use
has been taken into account to correct for thensistency between the assessment of
direct and indirect exergy use, e.g. directly vo#as cells and indirectly via biomass
or fossil fuels. Another, but related, reason &kig into account land use was: land
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used for industrial or other human activities ig awailable anymore for natural
processes like growing trees or flowers. The CEBEN&hod is compatible with
existing databases for life cycle analysis, e.gENE factors for the 184 reference
flows of the Ecoinvent database [24] have beerutatied [23].

The method ofExergetic Life Cycle Analysi$ELCA) can be considered as an
extension to the regular Life Cycle Analyses [IDJring the impact assessment of an
ELCA, the exergy values of the mass and energysland subsequently the exergy
destruction is determined of the several processs.uiihe irreversibility of the
product is equal to the total exergy destructionhia life cycle [10]. Basically, only
the internal exergy losses, i.e. the exergy losa@sed by irreversibilities, are taken
into account. But sometimes also the external gxlmgses are considered, e.g. when
it is sure that an emission or waste stream isegsednd its exergy is lost outside the
system boundaries [25]. An extension to the methioHLCA is calledZero-exergy
emission ELCAZero-ELCA) which takes into account “all enviroantal problems
associated with emissions by accounting for thdeshent exergy of emissions” [10
p.68]. Originally, in ELCA no distinction was madeetween renewable and non-
renewable resources. The ELCA method has beendedeny diminishing the life
cycle irreversibility with the exergy content ofetmenewable resources [26]. In this
publication the exergy input of the sun is regardsdfree’ and this exergy or the
irreversibilities caused by transforming solar gyeinto renewable fuels is not taken
into account.

The method olife Cycle Exergy Analysid. CEA) compares the so-called indirect
exergy used for construction, maintenance and algaof the plant with the amount
of exergy delivered during operation of the plag@¥][ According to [13 p.226]
“Sustainable engineering could be defined as syst@hch make use of renewable
resources in such a way that the input of non-ramdésvresources will be paid back
during its life time”. This is illustrated by stag that it is not obvious that the exergy
being spent in the production of a solar panel éllpaid back during its use [13].

The LCA methods described in this paragraph mdimtys on the use of feedstocks
and resources. The impact caused by emissions plagyéor role, except for the

Zero-ELCA method. Furthermore, the phases of usg disposal/recycling of a

product should be taken into account when releveamd, attention should be paid to
the economic and social aspects of sustainability.

Sustainability is broader than just the environmenal aspect

Extended Exergy AccountinEEA) integrates cumulative exergy consumption
(CExC) and thermo-economic methods into an appraackhich also labour and
environmental impact are taken into account [28f €xtended exergy consists of the
thermodynamic exergy and the equivalent exergyapftal, labour and environmental
remediation activities [21]. Another application ekergy analysis is its use in
allocating economic and/or environmental costs, bygmeans of exergoeconomic
and exergoenvironmental analysEsergoeconomic analyssan be used in making
visible the origin of costs (capital costs and ttwsts of exergy losses) and in
comparing these costs [2Exergoenvironmental analys[80] is a modification of
the concept of exergoeconomic analysis and is tseallocate the environmental
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impact of a system, determined with the LCA methogyp in combination with the
Eco-indicator 99 method, to the system componemiscéss units). Apart from the
environmental impact determined with the LCA metblody, also the exergy
destruction caused by the components is takerazdount.

The method calledEnvironomics[31,32] originates from classical thermoeconomics
and is used to simultaneously take into accountntbdynamic, economic and
environmental aspects in the analysis and optimisabf energy systems. The
environomic model consists of an objective functubus “a set of decision variables
and equality and inequality constraints which déscrthe synthesis, design and
operation of the system being modelled” [32 p.72%)cording to [32 p.723] “Such a
model, coupled with an optimization scheme, permoite to mathematically search
for the optimal solution within the space of allspible solutions and responds in part
to the concept of sustainability during the develept of a new or the operation of an
existing system”.

A multi-criteria approach in which four groups ofistainability indicators are

designated, i.e. technical, environmental, econ@nit social indicators, is presented
in [33]. Unfortunately, due to lack of sufficienb@al data, e.g. data regarding job
creation, general welfare etc., the social indiatoave not been included in the
analysis. The group indicators are the result ofmadization and subsequently
averaging of the indicators within each group. Dherall sustainability indicator is

defined as the average of the group indicatorso Ads iterative multi-criteria

approach has been proposed that takes into acoemertgetic, economic and
environmental aspects in optimizing a plant or oasing “the most sustainable
energetic strategy in a given local context” [3866], see also [35].

As described in this paragraph, several methode Iheen developed to take into
account the environmental as well as the econosped of sustainability. The social
aspect of sustainability is not, or just minimatigken into account.

Sustainability indicators based on exergy

Several researchers have developed sustainalitligators in an attempt to quantify
the sustainability of technological processes. Hrmy.[36] three sustainability

indicators are presented that have been developsedbon exergy: a renewability
parameter which is defined as “the fraction of vealgle exergy consumption with

respect to the total exergy consumption” [36 p.1G8] environmental parameter
related to the condition that “no harmful producee to be emitted by the

technosphere” [36 p.110] and a production efficieparameter to take into account
the efficiency of the production process itselfs@lother sustainability indicators
have been developed, either elaborating on the wiookhers or newly developed, see
for example [37-42]. The general problem with theastainability indicators is that

their definitions are not commonly accepted and thay don’t take into account all

three aspects of sustainability.
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Discussion and conclusions

According to this literature investigation manyeachers are active in the field of
exergy and sustainability. Several methods andcatdis to measure sustainability
based upon exergy have been developed, but a karefarpinning of the relation
between exergy and sustainability has not yet imemd in literature. Also, the social
aspect of sustainability is not, or just minimaligken into account in these methods
and indicators. From this literature investigatibnvas learnt that it is important to
consider the whole life cycle of a process or pompdand that the role of ecosystem
goods and services should not be neglected. Diuinige research, the consequences
of involving exergy analysis in decisions regardifugure energy supply will be
investigated with respect to the environmental,necadic and social aspects of
sustainability.

References

1. L. Stougie & H.J. van der Kooi, “Exergy and Sus#ddiity” in Proc. of the 1st International
Exergy, Life Cycle Assessment and Sustainabilitsk¥tiop & Symposiunieds.) C.J. Koroneos &
A. Dompros, (2009) 364-371.

2. L. Stougie & H.J. van der Kooi, “Exergy Efficienfpfilication of LNG Cold” inProc. of the 23rd
International Conference on Efficiency, Cost, Ojtattion, Simulation, and Environmental Impact
of Energy System§&010), in press.

3. W. Kloepffer, “Life cycle sustainability assessmeifiproducts”,Int. J. Life Cycle Ass13 (2008)

89-95.

L. Stougie, G.P.J. Dijkema, H.J. van der Kooi &d& Swaan Arons, “Entropy or exergy — a

measure in environmental policy making?” (in Dutdielft University of Technology, 1994).

http://www.scopus.com

http://www.sciencedirect.com

http://inderscience.com

http://scholar.google.com

I. Dincer & M.A. RosenExergy: Energy, Environment and Sustainable Devetag (Elsevier

Ltd, Oxford, UK, 2007).

10. R.L. Cornelissen, “Thermodynamics and sustainakleldpment — The use of exergy analysis
and the reduction of irreversibility”, (Ph.D. ThesiTwente University, 1997).

11. T.G. Gutowski, D.P. Sekulic & B.R. Bakshi, “Prelimiry Thoughts on the Application of
Thermodynamics to the Development of Sustainabilityteria” in Proc. of the International
Symposium on Sustainable Systems and Techndfg§o) 1-6.

12. G.P. Hammond, “Industrial energy analysis, thernmaagics and sustainabilityAppl. Energ, 84
(2007) 675-700.

13. M. Gong & G. Wall, “On exergy and sustainable depahent - Part 2: Indicators and methods”,
Exergy, Int. J.1 (2001) 217-233.

14. Y.l. Zhang, S. Singh & B.R. Bakshi, “Accounting fecosystem services in life cycle assessment
part I: A critical review” Environ. Sci. Technql44 (2010) 2232-2242.

15. J.L. Hau & B.R. Bakshi, “Promise and problems ofeegy analysis”Ecol. Model, 178 (2004)
215-225.

16. Y.l. Zhang, B. Anil & B.R. Bakshi, “Accounting foecosystem services in life cycle assessment
part II: Toward an ecologically based LCAZnviron. Sci. Technql44 (2010) 2624-2631.

17. J.L. Hau & B.R. Bakshi, “Expanding exergy analysisaccount for ecosystem products and
services” Environ. Sci. Technql38 (2004) 3768-3777.

18. S.E. Jgrgensen, “Eco-exergy as sustainability”t (véss, Southampton, 2006).

19. J. Szargut, D.R. Morris & F.R. StewaBExergy analysis of thermal, chemical, and metailab
processes(Hemisphere Publishing Corporation, New York, 898

20. J. SzargutExergy method: technical and ecological applicasiofwit Press, Southampton, UK,
2005).

E

©CeNoGa

In: C.J. Koroneos, D.C. Rovas & A.Th. Dompros (edsL)CES2011: Proceedings of the 2nd
International Exergy, Life Cycle Assessment and&@unability Workshop & Symposium,
19 - 21 June 2011, Nisyros Island, Greece, pp.52890-



2nd International Exergy, Life Cycle Assessment, and Sustainability Workshop & Symposium (ELCAS?2)

19 -

21 June, 2011, NISYROS - GREECE

21.

22.

23.

24,
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

J. Dewulf, H. Van Langenhove, B. Muys, S. BruerfR BBakshi, G.F. Grubb, D.M. Paulus & E.
Sciubba, “Exergy: Its Potential and Limitations Environmental Science and Technology”,
Environ. Sci. Technql42 (2008) 2221-2232.

A. Valero, M.A. Lozano & M. Mufioz, “A general thgoof exergy saving. I. On the exergetic
cost”, Computer-Aided Engineering and Energy Systems:risecaw Analysis and Modellin@
(1986) 1-8.

J. Dewulf, M.E. Bdsch, B. De Meester, G. Van derdfpoH. Van Langenhove, S. Hellweg &
M.A.J. Huijbregts, “Cumulative exergy extractiorofin the natural environment (CEENE): a
comprehensive life cycle impact assessment metlodrdsource accounting’Environ. Sci.
Technol, 41 (2007) 8477-8483.

http://www.ecoinvent.org(Database ecoinvent data v1.2).

J.C. Boudri, R.L. Cornelissen, N.J.B. Hendriks &QV.Kalf, “Study after the added value of
exergetic LCA compared to LCA” (in Dutch), (2EWABGQ, Novem, Utrecht, 2000).

R.L. Cornelissen & G.G. Hirs, “The value of the metic life cycle assessment besides the LCA”,
Energ. Convers. Managet3 (2002) 1417-1424.

M. Gong & G. Wall, “On exergetics, economics andimjzation of technical processes to meet
environmental conditions” irfProc. of Thermodynamic Analysis and ImprovementEnérgy
Systems, TAIES '9feds.) Ruixian Cai et al., (1997) 453-460.

E. Sciubba “Beyond thermoeconomics? The concepexbénded exergy accounting and its
application to the analysis and design of thermpsiesns”,Exergy, Int. J.1 (2001) 68-84.

G. Tsatsaronis & M. Winhold, “Exergoeconomic anayand evaluation of energy-conversion
plants - I. A new general methodolog¥#nergy 10 (1985) 69-80.

L. Meyer, G. Tsatsaronis, J. Buchgeister & L. Sahkeb“Exergoenvironmental analysis for
evaluation of the environmental impact of energyvarsion systemsEnergy 34 (2009) 75-89.
C.A. Frangopoulos, “An introduction to environonaicalysis and optimization of energy-intensive
systems” inProc. of ECOS '92 International Symposium on Eficy, Cost, Optimization and
Simulation(1992) 231-239.

V. Curti, M.R. von Spakovsky & D. Favrat, “An engitomic approach for the modeling and
optimization of a district heating network based aantralized and decentralized heat pumps,
cogeneration and/or gas furnace. Part I: Methodd|dgt. J. Therm. Sci39 (2000) 721-730.

C.A. Frangopoulos & D.E. Keramioti, “Multi-Criteridgvaluation of Energy Systems with
Sustainability ConsiderationsEntropy, 12 (2010) 1006-1020.

A. Mirandola & A. Stoppato, “A viable approach teet optimization of energy systemsiit. J.
Thermodynamic® (2003) 157-168.

C. Giannantoni, A. Lazzaretto, A. Macor, A. MirataloA. Stoppato, S. Tonon & S. Ulgiati,
“Multicriteria approach for the improvement of eggrsystems designEnergy 30 (2005) 1989-
2016.

J. Dewulf, H. Van Langenhove, J. Mulder, M.M.D. vden Berg, H.J. van der Kooi & J. de Swaan
Arons, “lllustrations towards quantifying the susability of technology”,Green Chem2 (2000)
108-114.

M.P.G. Sewalt, M.E. Toxopeus & G.G. Hirs, “Thermodynics Based Sustainability Concept”,
Int. J. Applied Thermodynamie$(2001) 35.

S. Lems, H.J. van der Kooi & J. de Swaan Arons,e Bustainability of resource utilization”,
Green Chem4 (2002) 308-313.

S. Lems, H.J. van der Kooi & J. de Swaan Arons,dQifiying technological aspects of process
sustainability: a thermodynamic approacBfean Technol. Envir5 (2003) 248-253.

S. Bastianoni, S.N. Nielsen, N. Marchettini & SJargensen, “Use of thermodynamic functions
for expressing some relevant aspects of sustaitydpiint. J. Energ. Res29 (2005) 53-64.

C.D. Cummings & T.P. Seager, “Estimating exergyergability for sustainability assessment of
corn ethanol” inProc. of the 2008 IEEE International Symposium dectonics and the
Environmeni(2008) 1-6.

V.N. Hoang & D.S. Rao, “Measuring and decomposingtanable efficiency in agricultural
production: A cumulative exergy balance approa&ithl. Econ.69 (2010) 1765-1776.

In: C.J. Koroneos, D.C. Rovas & A.Th. Dompros (edsL)CES2011: Proceedings of the 2nd
International Exergy, Life Cycle Assessment and&@unability Workshop & Symposium,
19 - 21 June 2011, Nisyros Island, Greece, pp.52890-



