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Abstract - Exergy analysis is a thermodynamic approach usedrfalyzing and improving the
efficiency of chemical and thermal processes. It l&s lzeen extended for life cycle assessment
and sustainability evaluation of industrial products and pseEs Although these extensions
recognize the importance of capital and labor inputs awite@mental impact, most of them
ignore the crucial role that ecosystems play in susga all industrial activity. Decisions based
on approaches that take nature for granted continue te cagisificant deterioration in the
ability of ecosystems to provide goods and services tieaéssential for every human activity.
Accounting for nature’s contribution is also importamr fdetermining the impact and
sustainability of industrial activity. In contrast, engne analysis, a thermodynamic method from
systems ecology, does account for ecosystems, buer@suntered a lot of resistance and
criticism, particularly from economists, physicistsdaengineers. This paper expands the
engineering concept of cumulative exergy consumption (CEBGalysis to include the
contribution of ecosystems, which leads to the conadpEcological Cumulative Exergy
Consumption (ECEC). Practical challenges in computinde€&QGor industrial processes are
identified and a formal algorithm based on network alge&bmaoposed. ECEC is shown to be
closely related to emergy, and both concepts becomesadeni if the analysis boundary,
allocation method, and approach for combining global gnemguts are identical. This insight
permits combination of the best features of emergy aacgg analysis, and shows that most of
the controversial aspects of emergy analysis needhinder its use for including the exergetic



contribution of ecosystems. Examples illustrate fygr@ach and highlight the potential benefits
of accounting for nature’s contribution to industrialiaty.

1. Introduction

Ecological goods and services constitute the productive tredeis essential for all
industrial and economic activity. Examples of ecologgm@dds include water, fertile soil, wood,
and coal, while examples of ecological services includm, pollination, carbon sequestration
and wind. The principle of sustainability implies that #wlogical base available for current
economic activity should also be available to future geimrs for their needs. The importance
of nature’s products and services has been widely recogmzewny studiesl| 2, 3, 4, %
Unfortunately, engineering and economic approaches forstndu decision making tend to
ignore or take for granted most ecological inputs, sihed contribution is not reflected in
market prices. Even most methods for environmentallys@ons decision making do not
account for the contribution of all the ecological inputs fact, life cycle assessment (LCA)
focuses mainly on depletion of nonrenewable resources impact of emissions, while
cumulative exergy consumption (CEC) analysis consid#nsatural resources to be equivalent
by ignoring ecological goods and services required forptbeesses being analyzed. Such an
attitude of taking nature for granted continues to causefisgnt deterioration of ecological
goods and services that are essential for human susteaadcsurvival4, 6, 7. Consequently,
methods to account for the contribution of ecologiaogputs are essential for ensuring
sustainability of our activities.

With increasing recognition of the importance of ecolabmroducts and services, some
approaches have been suggested to account for their caatriblitese approaches are usually
based on either economics or physics. Techniques fromoenwmtal economics attempt to
assign a monetary value to ecological inp8ts9. Methods based on physical principles rely on
material and energy flow to account for ecologicpluts. Material Flow Analysis (MFA)10,

11) accounts for the flow of materials from the ecosysto the economy, but ignores the inputs
of ecological services. Energy flow analysi®)(and its variations are promising due to their
ability to objectively value all types of material ardergy flows without violating physical

laws, as methods like LCA often do. This characteristakes them ideal for the analysis of

industrial and ecological systems.



Exergy or available energyis lost or consumed in all processes, making it thenate
limiting resource for the functioning of all systemsonSequently, exergy analysis has been
useful for improving process efficienc$3). Cumulative Exergy Consumption (CEC) analysis
expands the analysis boundary by considering all indugtreedesses needed to convert natural
resources into the desired industrial products or servidasy recent extensions of exergy
analysis have focused on methods for environmentallyctmurs decision making and LCA
(14,15,16,17,18 The combination of exergy-based methods and LCAtiaciive since exergy
can provide a common ground for ecological and industrialgss®s, in which all types of
material and energy streams can be fairly assesse&d|ued. In addition, exergy may be related
to some environmental impacts of emissiohd),(may quantify the sustainability of processes
(20), and characterize self-organized syste®i3. (However, all these and related efforts ignore
the contribution of ecological products and services, timising their ability to evaluate the
“full cost” and sustainability of industrial activities.

Emergy analysis is another thermodynamic approachlaj@mae by systems ecologists
(22), and has been used for the analysis of ecologichkeéaonomic system238). This approach
determines the energy used directly and indirectly, invatgnts of solar radiation, required to
sustain industrial and ecological systems. It trelitsyatems as networks of energy flow and
organizes them hierarchically according to their eneygglity. An important and powerful
feature of emergy analysis is that it accounts fop@dsible inputs, including the contribution of
ecological products and services. Unfortunately, emer@tysis has encountered a lot of
resistance and criticism, particularly from econosjisphysicists and engineers. Typical
criticisms refer to controversial claims and sweepingegalizations about its relevance to
economics and self-organized systems. Furthermore,databt the techniques for determining
the emergy of various streams and in a network haen Wifficult to find. Consequently,
emergy analysis is often misunderstood and has not bsed outside a small group of
researchers (se24) and references therein).

Due to the importance of accounting for the contributibeamsystems and the obstacles
hindering broader use of emergy, this paper starts with imaditor Industrial CEC (ICEC)
analysis, and expands it to include the contributioreadsystems. Traditional dndustrial
Cumulative Exergy ConsumptighCEC) analysis only considers the exergy contenthef

natural resource inputs needed for a process. The appragmbsed in this article determines



the Ecological Cumulative Exergy ConsumptiggCEC) which also includes the exergy
consumed by ecological processes to produce the raw amteatissipate the emissions, and
functioning of industrial processes. A systematic alpariis presented for ECEC computation.
Comparison of ECEC with emergy indicates that bothcepts are closely related. In fact,
ECEC becomes equivalent to emergy if the analysis boundary, allocation appaodamethod
for combining global energy inputs are identicalich explicit identification of the link between
exergy and emergy should clear much of the confusion raisdinderstanding about both
concepts, and enable combination of the best featurbstbfmethods. This insight is used in
this article to devise practical ways of combining emergy exergy analyses to include the
contribution of ecological inputs to industrial processgghout being handicapped by the
controversial aspects of emergy analy24).(The general approach in this paper is illustrated
with the examples of the chlor-alkali process andrsatal coal-based processes for generating
electricity. These examples demonstrate the bendfisaunting for natures inputs, and the
unique insight about sustainability that may result froshsaccounting.

2. Background

2.1. Cumulative Exergy Consumption Analysis

Definition 1 Exergy, B, is a measure of the maximum amountuséful energythat can be
extracted when matter is brought to equilibrium witrsiisroundings.

Although energy is neither created nor destroyed, ibierted from useful to useless as
work is performed. For instance, kinetic energy is eotad into dissipated heat through friction
as a fluid is transported in a pipeline. In the prooesstgy is lost as useful energy is consumed
or converted. Therefore, exergy is a better measutigecduality of energy than energy because
it represents the real potential of a system to do wexkrgy analysis determines how much
exergy is consumed in the process and how efficientsyistem is in producing work. A more
detailed introduction to exergy analysis is provided @Stpporting Information

Some shortcomings of exergy analysis are thanings critical inputs such as capital and
labor, and is narrow in scope due to its focus on theepsowhile ignoring the performance of
the rest of the production chain. Extensions of exemplyais such as Cumulative Exergy
Consumption (CEC)1Q3), Thermoeconomic22p) and Extended Exergy AccountingS] address
some of these shortcomings. Figure la depicts a tmaalitior Industrial Cumulative Exergy
Consumption (ICEC) analysis. A stream is considecetlet a natural resource if it is a direct



product from ecological processes and a raw materiahdonan activities, for example, coal,

iron and fresh water.
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Figure 1: (a) Industrial Cumulative Exergy Consumption @B&nalysis; (b) Ecological
Cumulative Exergy Consumption (ECEC) analysis.

Definition 2 Industrial Cumulative Exergy Consumption (ICEC) gfracess is the sum of the
exergy of all the natural resources consumed inegissof the process and previous processes in
the production chain.

In general, ICEC of the production cha@, is

N;
C,=C, = ch,k (1)

where,N; denotes the number of process units included in the inglugstaduction chainCy
and Cy are respectively the cumulative exergy of the natueaburce entering and of the
product leaving thé-th process unit. To apply the input-output network algebra developed
Section 4, each unit in the network is considered te ey one external input and output.
These “final demand” and “value added” streams represensum of the exergy of all natural
resources entering or final products leaving a single W@EC analysis considers exergy and
cumulative exergy of natural resource inputs to be ethatl,s,
Chk = Bnk (2)



Definition 3 Industrial Cumulative Degree of Perfection (ICDR),is the ratio of the exergy of

the final product(s) to the cumulative exergy consumed teertize product(s).

N

2.5 8, B,
N; Cp ’

where, 7, and n,, represent the ICDP of the production chain, and kké product,

My = 3)

respectively. Eq 3 may also be written as,
)
Cp =M EBp (4)
where, B, is the vector of product exergie3, ), Ny is the N; xN; diagonal matrix with, «
forming the diagonal terms, an@, is the vector of product CEGG, . The approach for

computing CEC of each product stream is discussed in det&kction 4. In general, the
relationship between CEC for each prod@sty, and CEC of the input§, x, may be written as,
Cp = Fi ECn (5)

where, C,, is the vector of input CEG,, andT'; is the N, x N, allocation matrix. This matrix

represents the exergy flow network and the selectedaatior method. More details about
allocation are in Section 4.2.

ICEC analysis shares some features of LCA since bethads consider to some extent,
the life cycle of the product. Unlike LCA, ICEC analygisiores emissions and their impact.
ICEC analysis has been used widely and calculationsémy industrial processes are available
(13).

2.2. Emergy Analyss

Emergy analysis emphasizes the importance of treatingroducts and services in terms
of a common exergetic basis. Between identical quasttievood and solar exergy, the former
is of higher quality because it is more concentratedeasier to harness. Consequently, for a fair
comparison of different types of exergy, they shoudd dompared on the same basis, as
equivalents of exergy of the same kind per unit of akititgo work. Emergy analysis considers
all systems, ecological and economic, as a vastggneetwork which transform the global
energy inputs into other kinds of energy, and ultimaitgly work and dissipated heat. The work
produced sustains the dynamics of the planet. The gdoleaiy inputs are solar insolation, deep



earth heat and tidal energy. Since incoming energy fraar ésolation is considerably larger
than that from the other two sources, equivalents sfahergy are selected as the common basis.
Definition 4 Solar Emergy is the available solar energy used uptlgiraed indirectly, through
multiple pathways and subsystems, to create a sewiggduct 22).

Definition 5 Solar Transformity is the solar emergy required stkenone Joule of an available
service or product2Q).

Solar Emergy and Solar Transformity are measured ler-sguivalent joules (sej) and
sej/J, respectively. Since solar energy serves aisathis for emergy analysis, its transformity is
defined to be unity. Emergy and exergy are related thraagkformity as,

M =B (6)
where,M is emergy,r is transformity and is exergy. When an energy carrier flows through an
ecological or industrial chain, its exergy per unit ofeegy decreases due to entropy production
along the chain, causing its transformity to increaseceSexergy tends to concentrate as it
advances through the chain, transformity has been rebasda measure of quality, particularly
of ecological products which have been subjected to “opgitiain” due to evolutionary pressure.
However, the relation between transformity and quadtyenergy may be much weaker for
industrial systems. Thus, the higher quality of wood vessiex exergy is reflected by the higher
transformity of wood. Values of transformity for maegological and economic goods and
services have been calculat&t®,(269, with details of some typical calculations shownthe
Supporting Information Odum and coworkers have used emergy analysis for amglyzi
ecological and economic systems. These methods acoowit types of inputs, including labor
and services, in terms of emergy.

Emergy analysis is one of the very few methods #wounts for the contribution of
ecological products and services to economic activitywéder, it has not been used much
outside a small circle of researchers due to contrgvemsrounding extremely broad claims
about the relevance of emergy to economic value anebgghization, and misunderstanding
due to many years of inadequate access to details aboumpsitation and approach. Additional
details about these issues are discussed elsewd®rerlfie rest of this paper proves the close
link between exergy and emergy. This indicates that nmition about the thermodynamics of
ecosystem goods and services compiled by emergy anadystsecreadily used to include the
contribution of ecosystem goods and services to econactigity. This can be done without



succumbing to the main controversial aspects of emergjlysas including, the emergy theory of
value, the maximum empower principle, and the inclusigprehistoric energy.
3. Including Ecological I nputsin Exergy Analysis
3.1. Ecological Cumulative Exergy Consumption

Ecological processes convert global exergy inputs intaogmal goods and services that
are converted into economic goods and services by industoeégses. Including ecological
processes requires expansion of the system boundari€& Gf analysis. Thus, Figure 1a needs
to be expanded by including the exergy consumption of eicalogrocesses, as shown in Figure
1b. The exergy and cumulative exergy of inputs that droedogical processes are represented
as,Be, andCey, respectively.

Eq 2 does not hold anymore for Figure 1b. In fact, exargyy CEC of natural resources,
Bn andC, respectively, can be related through an equation sitoilaq 4,

C,=n, B, (7)

wheren, is the (N, + N_)x(N, + N.) diagonal matrix with,  forming the diagonal terms\e

denotes the number of units included in the ecological sub@alyn. As mentioned in Section 2,
the number of inputs and outputs is equal to the total nuofherits because each unit has one
external input and output. Variabig x represents the efficiency with which ecological proegss
create the natural resource entering ke process unit from global exergy inputs. Clearly, as
indicated by eq 2, ICEC analysis implicitly assumes ttisse efficiencies are unity,
consequently ignoring ecological processes. Based on eFitjoy the exergy consumed in
ecological processes to produce the natural resourcebatrniot converting natural resources to
industrial products may be written as,
Cp=T[C, andC, =T; [C, (8)

I'c and I'; are the allocation matrices for mapping ecological inputsatural resource outputs
and natural resources to industrial products, respectiVeé/.cumulative exergy consumption in
ecological and industrial processes (ECEC) to cremtk product may be written as,

C,=T[C, (9)
where, I' represents the overall allocation matrix for ecwalband industrial processes

together. Whethe" is equal to the product dff, and I'; or not depends on the allocation



method, as elaborated in Section 4.2. Alternate equatean&CEC may also be written as

follows by combining eqs 7 and 8

Cp =T ' (B, (10)
The total ECEC for the ecological-industrial productioaiohn Figure 1b may be written
as
N; +N,
Cp :Cn :Ce = ;Ce,k (11)

Egs 9, 10 and 11 indicate that determining the total ECECrequires knowledge d,, and
Mk While determining the ECEC of each produChk requires the allocation matrix;.
Similarly, determining the CDP of ecological processegiires the allocation matrike and the
ecological inputs,Bex The allocation matrix], depends on the network and the selected
allocation method, for partitioning cumulative exergyween multiple outputs.

The ecological inputsBey represent global inputs such as solar, tidal and deep earth
exergy. Equations analogous to egs 4 and 7 may calculaBEef global inputs as

C.=n."B, or C, =11¢B,, (12)

Eq 12 is important for connecting exergy and emergyhawis in Section 3.2. Hereje x may
equal unity if such inputs are assumed to be directly ablail without any previous
transformation, or if they represent exergy of themeaype (quality). This assumption does not
ignore any known processes, unlike the assumption of I@R&lysis represented by eq 2.
Alternatively, proportionality constants may be asemj to 7.k if one global input is to be
expressed in equivalents of another, as done in ensnglysis. Eqs 9, 10 and 11 provide
alternate ways of estimating the ECEC of products fognproduction chain.
3.2. Relation between ECEC and Emergy

Deriving the exact relationship between ECEC and Emergly camnditions for their
equivalence relies on writing matrix equations for emeaaxgalysis of a network followed by
comparing the equations to those derived for ECEC in 3e8tib. Eq 6 relating emergy and
exergy may be written in matrix form as

M, =T, B, (13)



where M, and B, are vectors of emergy and exergy aig is the diagonal matrix of

transformities. For a network similar to that considerfor ICEC analysis,M,, may be
calculated as
M,=T"M, (14)

where M, is the emergy vector of the natural resources Bhdis the allocation matrix for
emergy analysis. Like ECEC analysiB;; contains information about the allocation rule for
emergy, that is, how emergy is assigned among splitproducts and joints. Similarly, the
emergy of natural resourceld] ,,, can be calculated as

M, =T"cM, (15)

Egs 14 and 15 are analogous to eq 8 for ECEC analysis. asshaeq 6 and 13, the emergy
and exergy of global inputs are related as,

Me=TeBe (16)
where, Te represents the solar transformities of global inpQtsnbining eqgs 14, 15 and 16, and
using an overall allocation matriX;' analogous to that in eq 9,

M, =T'T, B, (17)

For ECEC and emergy to be equivalent, eq 18 must beieatisf

Cp =M, (18)
Egs 4, 13 and 18 show that transformity is the reciprdddleocumulative degree of perfection.
T, =n," (19)
Furthermore, eqs 9, 12, 17 and 18 imply that
Iy =", (20)

For a fair comparison, it is essential for both, EXC&d emergy to have the same analysis
boundary that considers the same network of proceSsesndly, if the allocation rule used by
emergy and cumulative exergy analysis is identiten@ = I''. Under these conditions, eq 20
reduces to,
n =T, (21)
This analysis indicates that ECEC and emergy are i@t cumulative exergy and
emergy use the same approach for combining global enemys. Alternate approaches

10



include, directly adding global energy inputs (using a unitsfiamity), or representing global
energy inputs in solar equivalents using the transfaemiistimated in emergy analysis. Thus,
the condition for equivalence between emergy andbged! cumulative exergy consumption is
as follows

Ecological cumulative exergy consumption and emergy are equivalentalltverig are

identical,

* Analysis boundary,

* Allocation method,

» Approach for combining global energy inputs.
This condition shows that ecological cumulative eyecgnsumption and emergy are very
closely related. Moreover, it justifies the use of teeiprocal of transformity to estimate the
CDP of natural resources, as in eq 19. The illustratio8&ction 5 are based on this insight.

There remain conceptual differences between emerg\E@EC analyses. ECEC analysis
does not imply any relationship with economic value.det,f ECEC analysis can complement
economic analysis. Legitimacy of the Odum’s maximemmpower principle is irrelevant for the
applicability of ECEC analysis. There are clear linksMeen ECEC and other thermodynamic
guantities. Representing global exergy inputs in equivalehtsolar energy is not necessary
albeit convenient. ECEC faces similar quantificatioalieimges as Emergy, but these challenges
are no different from those faced by any holistic apgroacluding life cycle assessmeyy.
4. ECEC Computation

The equations for ECEC analysis given in Section 3 do novide adequate details about
how ECEC may be computed in practice. This section addresgeh practical issues as
allocation and network algebra followed by a formal athar for ECEC analysis.
4.1. Network Representation and Algebra

The network algebra of input-output analysis provides agigoway of analyzing flow in
any network. As mentioned in Section 2, it is convenierget up the original process flowchart
such that each unit has only one external input and outaugbes outside the network. Dummy
units may be created to satisfy this requirement as shotie Supporting InformationFor any
network, the vector of CEC of the process uritscan be calculated via input-output analysis

as,

11



c=(-y")"m, (22)
Here,y is the matrix of transaction coefficients represgnthe interaction between units, abgl
is the vector of CEC of natural resources (Sapporting Informatiorfor detailed derivation of
these equations). Furthermore, the vector of CEC of ptedCig is related to the vector of CEC

of natural resources as

Co=rpth-1") I, (23)
wherey, is a diagonal matrix with coefficients representing fraction of a unit's CEC leaving
the system forming the elements along the diagonal.dfiskis network representation and
algebra for computing the CEC and ECEC of any network depamdise allocation approach,
as discussed next.

4.2. Allocation

Since most industrial and ecological processes havépmubutputs, it often becomes
necessary to allocate or partition the inputs betweahipie outputs. Due to its subjective
character, a variety of methods has been suggestetloicatmn. These are based on the market
value, mass, energy or exergy content, and energy yju#lithe outputs. Techniques for
avoiding allocation by modifying the system have also beeggested 27) and are
recommended in the ISO 14000 standa@®. (
Allocation in Fully Defined Networks

Allocation according to the exergy of output streamgoipular in ICEC analysisl8, 29.
In this approach, the cumulative exergy of an outpetastrfrom Uniti to Unitj, Cj, is

Gy =v;Gi
where,

B,
VT (24)

J
Z Bj +Bp;
J
where, ) is the transaction coefficient from Umito Unitj, B; is the exergy delivered from Unit
i to Unitj, andBy; is the product stream from Unit Product streamdB,,;, are output streams
that leave the system. Figure 2a shows the allochiased on eq 24. As shown in Figure 2D,

when the streams allocated according to this schemmareined, their CEC can be added. Egs
5 and 23 show that the allocation matrix for all indasprocesses is

12



ro=rp i —y")" (25)
This allocation approach relies on detailed knowledgé@hetwork and outputs for allocation.
Its benefits are that cumulative exergy follows lasfsconservation, making the algebra quite
straightforward, intuitive, and consistent with widelsed network algebra.

(a) Splits
Exergy CEC Algebra
I (I Operation
10C —> 20 1000 — 400 04
’ 5 30 ’ | 5 60C Coutput = {0 6} -[1000
X <+ '
(b) Joints
20 40C
—>» 10 —» 100C 400
— — _ .
30 , _ 600_,, _ Coupue =1 1] {600}

Figure 2: Allocation in industrial systems: (a) for slitb) for joints.

Allocation in Partially Defined Networks

If knowledge about the network structure and its outgut®t available, it is not possible
to use eq 24 for allocating the cumulative exergy consem@db the outputs. For instance,
Figure 3a shows a system where only two outputs are digfined, whether there are more
outputs or not is unknown, portrayed by the triple dots &éetwhe known outputs. Even if the
existence of additional outputs was known, it is oftenpassible to know their exergy content
or network. This is usually the case with ecosystemsescomplete knowledge about the
ecological network and its goods and services is notadlail One strategy for such partially
defined systems is to avoid allocation entirely, and clensthe exergy consumption of the
process to be essential for making each product. Figules8ales this allocation approach. The
main advantage of this approach is that the transact#inx, y, can be defined by ignoring the
unknown streams without losing information. Howevencsi this allocation scheme violates
conservation, special care is needed to avoid double cgumtien outputs from such systems
are combined. If the input streams originate from a pgrkaown system like that in Figure 3a,

adding their cumulative exergy consumption will resalidouble counting. If the streams are

13



known to follow the allocation scheme shown in FigBee then the approach shown in Figure
3b, referred as maximum criterion, is used for combintngasns. This avoids double counting

by considering only the largest cumulative exergy of thieod inputs from a system under

allocation scheme described in Figure 3. However, itthmabined streams represent cumulative
exergy over different temporal horizons, they maydaed without double counting.

(a) Splits
Exergy CEC Algebra
Jn (Jn) Operation
100 > 20 1000, [ [;> 1000 1
> : JUU | : |7
_.> 30 _» 1000 Coutput 1 [100q
¥ T
(b) Joints
10 500
— 10 —> 1000 500
C = :
30,] [* 1000, [* % o =0 1] Looo
T T

Maximum criterion

Figure 3: Allocation in partially known systems: (a) éplits; (b) joints.

A similar allocation approach is used in emergy analy®P), for determining the
transformities of many ecological products and servisewell as for allocation between “co-
products”, even in fully defined networks. Odum'’s justifioatfor using this allocation approach
is that inputs cannot be allocated among co-products dsiheg cannot be produced
independently by using a fraction of the process’ exergywuopson. Emergy analysis also
selects the allocation approach depending on whetheprtiducts are of same or different
energy quality, which is reflected in the transformsitiand whether they are produced over
different time horizons. Thus, in general, “renewéahiesources are considered to be non-
additive, while “non-renewable” resources are additiv&il®\this is a legitimate and appealing
approach, it has been the source of much confusion dirganicause the results of emergy
analysis to change with the selected analysis boundad/,as more details become available
(29). In this paper, the allocation approach depicted in Figuseused only for those ecological
goods and services where details about the network and psadtaainknown. The sensitivity of

14



the results to the allocation method, and techniquesavoiding allocation altogether are
subjects of on-going research.
4.3. Algorithm for ECEC Analysis

Given an industrial network consisting of the main psscand relevant processes in the
supply chain, an exergy flow diagram can be derived byidernsg the main process units and
calculating the exergy of each stream. The algorghown in Table 1 is for ECEC of a network
of N units, where every unit delivers no more than one siteaanother unit and has only one
input stream and one output stream crossing the systend&oes. The approach also requires
values of CDP or transformity of the relevant inputsrfrthe ecosystem.

Table 1: General ECEC Analysis Algorithm.

1 MAINPROGRAM, ECEC_Analysis
2 FORiIi=1TON
3 INPUT B,
4 INPUT By,
5 INPUT 7
6 FORj=1TON
7 INPUT B;
8 END
9 END
10 FORiIi=1TON
11 FORj=1TON
12 Vi = %
! Z Bj + By,
J

13 END
14 __ O

Vi Z B, +B,,

J
15 END
16 y= MATRIX ()
17 B.= VECTOR B,))
18 B, = VECTOR 8,)
19 = DIAGONAL MATRIX (77n)
20 ¥ = DIAGONAL MATRIX ( }.)
)1

21 i =vp E(I -v )
22 C,=1n,"B,
23 PRINT “Can natural resource streams be added (system isspélified)?”

15



24 INPUT Q

25 IFQ="n0o" THEN

26 GO TO MaxSelect
27 END

28 Cp =T, [C,

29 PRINT C,

30 END

The ECEC algorithm can use one or both allocation nasthitustrated in Figures 2 and 3.
When CEC of natural resource streams can be added]at&tian matrix and CEC of products
are calculated with egs 25 and 10, respectively. When naas@lirce inputs cannot be added,
the maximum criterion described in Section 4.2 is appbedetide the CEC of the products. The
algorithm is shown in Table 2. Theh column of the allocation matrix contains thecfian of
CEC of thg-th natural resource assigned to each product. The algarithitiplies each column
of the allocation matrix by the ECEC of its correspogdatural resource. Then, all numbers of
the set of non additive inputs in each row, except taeimmum, are set to zero. This algorithm is
also equivalent to doing separate ECEC analyses for eatthial resource input to obtain
multiple ECEC values at each network edge correspondiegdio ecological input. The ECEC
values at each edge are added for additive ecological inpuise maximum value is taken for
non-additive natural resources. The allocation methodsfarmal algorithm presented in this
section avoid the confusing algebra that has plagued gnae@ysis, without sacrificing the

ability of emergy analysis to account for ecologiogluts.

Table 2: Subprogram for avoiding double counting.

31 SUBPROGRAM, MaxSelect
32 FORiIi=1TON

33 FORr=1TO (N-1)

34 k=r

35 ay = (T )y Tk

36 FOR|j=(r+1) TON
37 PRINT “Are inputs "k “and "] “ additive?”
38 INPUT Q

39 IFQ="yes”"THEN
40 ; :(ri)ij [Ty, j
41 IF ajj > ak DO
42 (ri), =0

16



43 k=j
44 END
45 OTHERWISE (I;). =0

1
46 END
a7 END
48 END
49 END
50 END

4.4. lllustrative Example
The ECEC approach is illustrated via a simple network shawrigure 4 (se&upporting

Informationfor details about application of the algorithm). The twagural resource inputs are
assumed to be from the same ecological processes,aandtde added. The ECEC for each
natural resource is shown in parentheses below eaalomeedge in Figure 4, and is propagated
independently through the network. The input ECEC is akucdtased on exergy in Unit 1.
Since the ECEC values from the two resources cama@dded, the ECEC at each edge is the
maximum value that is in the box. However, if the inpugse additive, the result at each edge

would be the sum of the ECEC values in the correspormdirgntheses.

Ecological Industrial
Processes Process
30 L 10
—D > 1 >
Bej—» ([1000 /0 10 ((504/0)
: 20 (500 / 05 2 »10
( 0 £400) (500 / 400)

Chyl/ Chk ) Box indicates largest ECEC value

Figure 4. lllustrative Example of ECEC Analysis

5. Examples

These examples illustrate the application of ECEC aisalp processes after completing
their ICEC analysis. The first example illustratbe large contribution from ecosystems to a
typical chemical process that is ignored by ICEC amalyShe second example compares
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electricity generation by solar thermal versus ¢batmal power plants. Both examples consider
a narrowly defined boundary, and ignore labor and cap#gliirements, and the impact of
emissions. Consequently, these analys@snot be used for decision or policy making, but
simply serve to illustrate the direct extension©ELC to ECEC via transformities. Furthermore,
since standard emergy analysis accounts for labor golo@quirements, equivalence between
standard emergy analysis and the ECEC results of tttisse@equires a broader boundary. More
holistic analysis of these processes along with ogetfor comparing the impact and
sustainability of industrial processes are topics ofjoing research.
5.1. Chlor-Alkali Processby Mercury Cell

A simplified flow diagram of selected processes fromektraction of natural resources to
the three products, sodium hydroxide, hydrogen and liquid ckloand a by-product, dilute
sulfuric acid is shown in Figure 8@). This process has four inputs: water, salt, coal,saiffdr.
The exergy and ECEC are indicated on each streamgofdé=i5, with ECEC surrounded by
parentheses (s&upporting Informatiorfor details about applying ECEC analysis). The exergy,
ECDP or reciprocal of transformity, and ECEC caledavia eq 7 are listed in Table 3. All the
inputs are derived from the earth main sources, namedy swolation, crustal heat and tidal
energy. Water, salt and sulfur are considered to orgiistm the sedimentary earth and
hydrological cycles, calculated on a yearly basis2@).(Since they follow the allocation for
partially defined networks described in Section 4.2, their EGfannot be added when
combined. However, ECEC of coal can be added becausdoiigbeto a different temporal
horizon. With different approaches for obtaining thengfarmities of these natural resources,
alternate methods could be used for their combination.ekample, all four inputs should be
added if they are partitioned as in fully defined netwoaksjone inZ2) for geological products,
or come from different temporal horizons. Ideally, se@sitivity of the results to these variations
should be evaluated. Results of the ECEC analysigraxgded in Table 3.
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Solar insolation Crustal heat Tidal Energy
v v v

Ecological Processes

| | I I
Water Salt Coal Sulfur

0.098 (0.26) ] 3.08 (3.08) ¢60.31(241) *3.19(6.38)

Water @ Salt Mine\ 2 Ac G H,S0, (4
Reservoir Production Production

0.098 (0.26) 0.40 (3.08) 14.4 (241) 0.5¢
1.26 (21) (6.38)
0.00¢
(0.02) ¢ A 4
BrinePreparation@
Plant
AN I— 3.24
1 02 ] 12.79(220)
Electr ochemical Cellsu
N [324(89)] 7.8¢ T—1.7¢ —|™
0.09 (0.24) (215) (49)
| ﬁ \'4 A 4 5
8 Cl, Cooler
Denuder Drier
1.14 (41) | 1.5¢ 3.35 (120) 174 Ao
(55) (44) b4
0227
A 4 A 4 (4)
Cl, 10
L egend: Compr essor
Exergy in MJ
(ECEC in 18%ej) 1.82 (48)
) /]
Unit number
@ 0.23 (4) "\_(]; 0.50 (8) 0.28 (5
Cooler \12 Cooler
Drier
1.81z2 0.4z
1.455 (58) 3305(127) [ (46) { (20

NaOH sol. Hydrogen Liquid  70%
Chorine H,S0,

Figure 5: Flow diagram of the mercury cell process.
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Table 3: ECEC of mercury cell process.

i Stream Material B(MJ) ni=1/5 (10°J/sej) Ci (10'%ej)
nl Water Reservoir 0.098 3.7%7 0.26°
n2 Salt Mine 3.08 10.009 3.08°
n3 Coal (for electricity) 60.31 2.500 241.24
n4  Sulfur (for SOy 3.19 5.000 6.38°
n Overall 66.68 247.62
p.11  NaOH sol 1.455 0.248 58.6(F
p.12 Hydrogen 3.305 0.258 128.25
p.13 Liquid Chlorine 1.812 0.345 52.58
P9 70% HSQ, (waste) 0.420 0.396 10.60
p Overall 6.992 0.28% 247.62

(a) Morris B0), (b) Odum 22, 2§, (c) eq 7, (d) eq 3, (e) algorithm in Table 1.

The overall analysis shows that ICEG&68 MJfor the mercury cell process, resulting in

a ICDP of 10.%%. In contrast, the ECEC i247.62<10" sej and the ECDP i282x107°J/sej
This example shows that accounting for the exergy coadun ecological processes can change
the numbers by as much as five orders of magnitude, whiafrros the huge contribution of
ecosystems due to ecological processes that converguaiity energy into high quality raw
materials. It indicates that focusing only on the indalprocesses from resource extraction
onwards may be too narrow for life cycle or sustaingtéissessment.

5.2. Electricity from Coal versus Solar Energy

This example compares electricity generation via dmdsed versus coal-based thermal
processes. It relies on ICEC analysis data provided bhy&zat al. and Horlockl@, 3J). Like
ICEC analysis, this example also ignores emissiormb thair impact, capital inputs such as
equipment and land, and human resource inputs such asGwequently, this analysis is not
holistic enough to permit decisions about either appro&idwever, it does illustrate the
approach developed in this paper.

Figure 6a shows the exergy flow diagram of a coal-drigggam power plant. An
additional 7.05 kWof exergy from fuel oil is required to extrat#1.95 kWof coal from the
ground. Coal is mixed with air in a combustion chamberett the steam that moves the turbine
that produces the electricity. To complete the Rankyatec the partially condensed steam is
recycled. Using egs 1 and 3, the ICEC of the proce$49900 kWand ICDP of the process is
23.2%

20



Figure 6b shows the exergy flow diagram of a phototheste@m power plant. A network
of parabolic through collectors receives exerg20d.82 kWin the form of solar radiation. The
collectors concentrate the solar radiation on #oeivers to heat the working fluid, typically oil.
The heat content of the oil is transferred to tlearst, in the Boiler heat exchanger. Data for this
process was obtained fror83). From eqs 1 and 3, ICEC of the proces&768.82 kWand ICDP
of the process i$2.7%

Table 4 summarizes the results of the ICEC analigsisrgy of exhausted gases has been
neglected for the case of the coal-driven power planexergy of natural resources are all
allocated to electricity. The coal-driven power plantmisre efficient as evidenced by a higher
ICDP, and From a traditional thermodynamic viewpoint, gemeg electricity from coal seems

to be more efficient due to its higher ICDP, than sbised electricity.

Air Coal Fud ail Solar radiation
0 kW l 141.95 kW l 7.05 kW l 270.82 kW
Coal Extraction Parabolic through collectors
141.95 kw ¢ 53.77 kKW 'Oil |
Furnace Boiler heat exchanger
Steam I Stean] 51.84kw
A y
Steam Turbine Steam Turbine
Condenser A
Condenser
Compressor
Compressor
[
I e T
M Electricity

gases Electricity

Figure 6: (a) Exergy Flow diagram for a Coal-driven PoRlant; (b) Exergy Flow diagram for a

Thermal Solar Power Plant.

For ECEC analysis, the ECDP or reciprocal of tramsity of solar radiation, coal and fuel

oil are 1 J/sej,250x10™° J/sej and1.85x107°J/sej, respectively. For the coal-based power
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plant, the ECEC of coal and fuel oil can be added. T&bkummarizes the results after
accounting for ecological goods and services. Due to theE@iitP or transformity of sunlight,
the ECDP of the solar plant is equal to its ICDP. deav, the ECDP of the coal-driven power
plant is significantly lower due to the exergy investecebglogical services in coal and oil for
converting it into a more concentrated and higher quatityrce of energy. ECEC analysis now
shows that photothermal electricity may be overwhelmitigérmodynamically superior to coal-
based electricity. However, inclusion of the exeogysumption due to economic and capital
inputs and the impact of emissions may have a large effethese numbers, and is necessary
before reaching any conclusions about comparing theseolegies. Further extensions to
include the contribution of indirect activity in the @omnic network are also essential for
improving the accuracy of the results. A variety of #xgs methods may be useful for meeting
these challenged$, 22, 33.

Table 4: ICEC analysis of solar and coal-based powetsplan

Electricity from G (kW) o (%)°
Coal 149.00 23.2
Solar Energy 270.82 12.7

(a) Eq 1, (b) eq 3.

Table 5: ECEC analysis of solar and coal-based powetsplan

Electricity from G (10° sej/s§ 17, (10%/s€j, %
Coal 6,058,624.40 0.0006
Solar Energy 270.82 12.7

(a) Eq 10, (b) eq 3.

This work is expected to help “bridge the gap between Ayiredistrial ecology and
Odum’s systems ecology’34) and lead to new methods and insight for evaluating and
improving the sustainability of industrial activity. Manpportunities are available for further
work. The challenge of combining resources over multipfaporal and spatial scales plagues
many holistic techniques, including the ones discussedsrp#per. The transparency and utility
of existing methods could be improved by developing a tierecersysthich distinguishes
between resources according to their replenishment timseead of categorizing resources as
renewable or non-renewable, this system could sepasdences according to their renewability
over daily, short-cycle, long-cycle, or cosmologitale scales. A similar spatial hierarchy could
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also be defined. Ideally, a systematic multiscalestteai framework is needed that considers
differences in the quality (uncertainty) of data at mpidt temporal and spatial scales, and
combines these data in an “optimal” and transparent maQuarcepts of “opportunity” and
“sunk” costs from economics could also be useful farsadering opportunities and alternatives
that may be lost due to a decision. Research in thedeother related areas is necessary for
recognizing the full potential of thermodynamic methaxtsstistainability.
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Supporting Information contains details about exergy analysis, calculatoin
transformities of main earth processes, network adgdbr cumulative exergy consumption
calculations and for the examples
6. Nomenclature

B Exergy

B Vector of exergies

C Cumulative exergy

C Vector of cumulative exergies

M Emergy

M Vectors of emergies

Greek letters

n Cumulative degree of perfection
n Diagonal matrix of CDP’s

y Allocation coefficient

Y Matrix of );'s

Yo Diagonal matrix ofp «'s

r Allocation matrix

T Transformity

T Matrix of transformities
Sub-indices
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ek Global energy input to unit k
e Global energy inputs or ecological processes
i from unit i to unit j

i Industrial processes

nk External input to unit k

n Natural resource

pk External output from unit k
P Product
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