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Abstract Pinch analysis was initially developed as a
methodology for optimizing energy efficiency in process
plants. Applications of pinch analysis applications are
based on common principles of using stream quantity and
quality to determine optimal system targets. This initial
targeting step identifies the pinch point, which then allows
complex problems to be decomposed for the subsequent
design of an optimal network using insights drawn from the
targeting stage. One important class of pinch analysis
problems is energy planning with footprint constraints,
which began with the development of carbon emissions
pinch analysis; in such problems, energy sources and
demands are characterized by carbon footprint as the
quality index. This methodology has been extended by
using alternative quality indexes that measure different
sustainability dimensions, such as water footprint, land
footprint, emergy transformity, inoperability risk, energy
return on investment and human fatalities. Pinch analysis
variants still have the limitation of being able to use one
quality index at a time, while previous attempts to develop
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pinch analysis methods using multiple indices have only
been partially successful for special cases. In this work, a
multiple-index pinch analysis method is developed by
using an aggregate quality index, based on a weighted
linear function of different quality indexes normally used
in energy planning. The weights used to compute the
aggregate index are determined via the analytic hierarchy
process. A case study for Indian power sector is solved to
illustrate how this approach allows multiple sustainability
dimensions to be accounted for in energy planning.

Keywords Energy planning - Carbon emissions pinch
analysis (CEPA) - Multiple-index pinch analysis (MIPA) -
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Introduction

Pinch analysis is a technique that has been applied to a
large set of process integration (PI) problems in the past. It
was originally developed to identify rigorous heat recovery
targets for heat exchanger network (HEN) in the process
plants (Hohmann 1971). This technique helps define rig-
orous targets by considering process quantity (enthalpy)
and quality (temperature). Since the 1980s, pinch analysis
has grown much more popular as it is extended to various
energy-intensive processes particularly in response to the
increase in the cost of energy during this historical period
(Linnhoff et al. 1982). There has also been significant
growth in the literature (Linnhoff 1993). Today, this field is
sufficiently well established such that contributions are
integrated in modern textbooks (e.g., Smith 2016), refer-
ence books (Klemes et al. 2011) and industrial handbooks
(Klemes 2013).
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Many extensions of pinch analysis, other than heat
transfer, have been suggested in the literature (Tan et al.,
2015). The earliest extension of pinch analysis to mass
exchanger network (MEN) synthesis was proposed by El-
Halwagi and Manousiothakis (1989), and later to other
mass integration applications for efficient use of mass
separating agents (MSAs) such as solvents and adsorbents
(El-Halwagi 1997). These techniques were also developed
for water recovery systems, which is a special case of mass
integration (Wang and Smith 1994). El-Halwagi et al.
(2003) generalized this approach as resource conservation
networks (RCNs), which covers a large number of indus-
trial problems, including hydrogen network synthesis
(Alves and Towler 2002) and property integration
(Kazantzi and El-Halwagi 2005). The established pinch
analysis techniques for various RCN problems are well
documented in reviews (Foo 2009), textbooks (Foo 2012)
and industrial handbooks (Klemes 2013).

Pinch analysis has also been extended for energy
planning with emission footprint constraints. Tan and Foo
(2007) used CO, footprint as the quality index for
obtaining optimal targets in a methodology known as
carbon emissions pinch analysis (CEPA). Different qual-
ity indices have been used overtime in different studies to
expand this application. Tan et al. (2009) used water
footprint as the quality index. Bandyopadhyay et al.
(2010) used emergy transformity, whereas Tan and Foo
(2013) used inoperability risk as the quality indices.
Walmsey et al. (2014) took energy return on investment
(EROI) as the quality indicator. Jia et al. (2016) used a
simultaneous graphical approach to take into account
multiple indices to design an energy allocation network in
China. This approach was developed based on carbon,
land and water footprints, combined with EROI and
human risk, as sustainability indicators; however, it
requires selecting one of the indicators as the primary
basis for planning, while analyzing the impacts for the
other four dimensions. No aggregation is proposed in the
methodology, although the use of the five indicators
facilitates scenario analysis for practical decision-making.
Krishna Priya and Bandyopadhyay (2017) used a priori-
tized cost approach to determine multiple-objective solu-
tion for carbon-constrained Indian power sector. The main
limitation is that each of these studies used only one
footprint indices as a link to sustainability. However,
there have been very few and only partially successful
attempts at developing a multiple-index approach. In the
PI literature, different sustainability dimensions have been
operationalized as footprint metrics used within the con-
text of life cycle assessment (LCA), for instance by De
Benedetto and Kleme§ (2009). Cudek et al. (2012)
reviewed important footprint metrics used in sustainability
analysis. On a global scale, safety limits for some of these
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footprints have been proposed (Rockstrom et al. 2009).
Another notable gap in the PI literature on energy plan-
ning is the lack of methodology that accounts for sus-
tainability aspects that are inherently difficult to quantify
(e.g., the public acceptability dimension in the case of
nuclear energy).

The concept of aggregation has been applied extensively
in the context of sustainability assessment (Sikdar 2003). It
is conceptually possible to calculate a single sustainability
index as an aggregate of different metrics, provided that
compensation effect is assumed and that the relative
importance of the different metrics is known (Sikdar 2009).
This approach defines an aggregate quality indicator of
sustainability based on which a multiple quality index
pinch analysis approach is proposed. The aggregate indi-
cator is assumed to be a weighted linear combination of
multiple indices. In order to obtain these weights, analytic
hierarchy process (AHP), a decision analysis method, has
been used. This is a systematic decision analysis frame-
work that uses a problem decomposition approach to
handle complex problems (Saaty 1980). AHP breaks the
problem down into a hierarchical structure of an objective,
criteria and alternatives. The structure then provides the
basis for decomposing the problem into a set of local
pairwise comparisons of decision elements (i.e., alterna-
tives or criteria). Prioritization of these elements is
achieved using a calibrated pairwise comparison scale
which gives an equivalent numerical weight ratio for sub-
jective or linguistic judgments by subject or domain
experts (Saaty 1980). These ratios can then be consolidated
into a set of overall weights using the well-known eigen-
vector method (Saaty 1980).

AHP is a popular decision analysis technique due to its
simplicity and versatility. AHP has been applied to a wide
range of problems in the literature. Applications of AHP in
process engineering problems include selection of reactor
configuration (Hanratty and Joseph 1992), product selec-
tion (Qian et al. 2007), evaluation of safety measures
(Arslan 2009), sustainable process design (Othman et al.
2010) and early-stage pharmaceutical process design
(Perez-Vega et al. 2011). There are numerous reviews of
AHP applications in the literature, focusing on applications
(Vaidya and Kumar 2006), methodological extensions
(Sipahi and Timor 2010) and comparison with alternative
approaches (Pohekar and Ramachandran 2004). One of the
most vital uses of AHP is that it can be combined easily
with other techniques. Another recent review surveys
developments in methodological aspects of AHP (Ishizaka
and Labib 2011), while Ho (2008) reviewed various hybrid
methodologies that combine AHP with other techniques,
such as mathematical programming. The weights of criteria
calculated from AHP can form inputs to other
methodologies.
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In this paper, a novel hybridization of AHP with pinch
analysis for sustainable energy systems planning using
multiple quality indices is developed, thereby addressing a
weakness of previously developed pinch analysis approa-
ches to similar problems. The rest of the paper is organized
as follows. A formal problem statement is defined in
“Problem statement” section. General methodology is
stated in “Methodology” section. “Case study of Indian
power sector” section demonstrates the multiple-index
pinch analysis (MIPA) technique by solving two illustra-
tive case studies. Finally, conclusions and prospects of
future work are given in “Conclusions” section.

Problem statement

The formal problem statement is adapted from the original
energy planning problem proposed by Tan and Foo (2007)
and may be stated as follows:

e Given a set of energy sources, designated as SOUR-
CES = {ili =1, 2, ..., M}, to be allocated to energy
demands. Each source (e.g., coal, oil) has an available
energy of S; and is characterized by quality indices SQ;;
with respect to a set of quality aspects QUAL-
ITY ={kk=1,2, ..., O}

e It is assumed that all quality indices k have two
important properties (Tan and Foo 2013). Firstly, low
numerical values are more desirable. Secondly, the
indices must conform to linear mixing rules (Bandy-
opadhyay 2006). Appropriate mathematical transfor-
mations may be used for indices that do not possess
these properties. Furthermore, the quality indices may
be measurable quantitative factors (e.g., carbon foot-
print) or numerical expressions of subjective factors
(e.g., social acceptability).

e An aggregate sustainability index SCQ; can be deter-
mined for each source i. This factor is assumed to be a
weighted average of multiple quality indices,
SCQ; = >, wiSQi. The weights are assumed to be
determined via AHP and are normalized such that
> Wi = 1. These weights reflect the priority assigned
by the decision-maker to different quality aspects.

e Given a set of energy demands, designated as
DEMANDS = {jlj = 1, 2, ..., N}. Each demand requires
an energy supply of D; and has a maximum aggregate
sustainability limit of DCQ;. As with the sources, this factor is
assumed to be a weighted average of multiple quality (or
impact) indices, DCQ; = ", wxDQj.. However, no unique
limit is set for each quality index, which differentiates this
problem from the generalized form described by Tan and
Foo (2013). Instead, overall sustainability is measured in
terms of the limiting factor DCQ;, which allows a

compensatory effect to be considered for different criteria.
In other words, good performance with respect to one quality
index can offset poor performance elsewhere. Such an
assumption is used in aggregation-based methods of com-
puting sustainability (Sikdar 2009).

e It is further assumed that there exists a high-quality
energy resource F, whose aggregate quality index is
FCQ, which is again determined as FCQ = Y, wyFQy.
This stream is analogous to the externally resource in
RCN problems (Foo 2012).

e The energy sources and demands in the system can
potentially be matched as shown in the superstructure
given in Fig. 1. The problem is to optimally allocate
energy streams, so as to maximize utilization of internal
energy sources (i.e., minimize requirement for the high-
quality energy resource) while ensuring that the aggre-
gate quality index limits of the demands are satisfied.
Note that, even though the latter resource is generally
desirable, in practice it may be necessary to determine
the minimum requirement needed to achieve system
goals (Tan and Foo 2007).

Methodology

Different graphical and algebraic methods have been
developed for solving source—sink problems. For details,
the reader is referred to the review paper by Foo (2009) for
resource conservation problems, or Foo and Tan (2016) for
various environmental footprint problems. A brief tutorial
on CEPA can also be found in a recent book chapter (Tan
and Foo 2017). The underlying similarity of all these
seemingly diverse methodologies is highlighted in a recent
paper (Bandyopadhyay 2015), while the wide range of
applicability to different industrial problems can be seen in
the textbook by Foo (2012).

The broad objective of the method is to obtain an allo-
cation network of all sources which satisfy the demands
based on several quantitative and qualitative indicators.
The first step in doing so is to form a linear combination of
all quality indices. To do this, AHP is used for weighting.
The computational details of the procedure are shown in
“Appendix.” Using the weights determined, an aggregate
sustainability index can then be calculated. However, each
quality index must be normalized before calculation of the
aggregate sustainability index. Quantitative indices are
normalized relative to the largest value present in the data
set. On the other hand, qualitative indicators are quantified
via AHP (see “Appendix”) and then normalized by divi-
sion by the maximum value. It must be noted that this
normalization is to ensure a uniform scale of values rang-
ing from O to 1 before combining them using the weights
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Fig. 1 General superstructure
for source—sink problems
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obtained earlier. Also, a reverse scale is ensured during
normalization, i.e., lower value denotes more desirable
quality. In the case of quality indices that do not follow a
reverse scale (e.g., EROI), inverse of the indicator may be
considered as the quality and normalized as above. Once
the normalized values of both quantitative and qualitative
indices are obtained, the aggregate sustainability index can
be calculated as a simple weighted linear combination of
these values. This aggregate sustainability index is then
supplied to the pinch analysis to calculate the resource
requirement and network allocation. Overall aggregation
procedure is shown in Fig. 2. The detailed steps of tar-
geting and network synthesis are well established in the PI
literature and need not be described here. In the next sec-
tion, case studies are solved to illustrate the methodology
based on the energy sector of India, which has a significant
place among BRICS (Brazil, Russia, India, China and
South Africa) countries and has been noted for its potential
for industrial decarbonization (Iftikhar et al. 2016).

Case study of Indian power sector

To demonstrate MIPA, a case study related to the sus-
tainable electricity sector planning for India has been
considered. The present electrical demand of India
(181.56 GW) is met by electricity generated from coal, oil,
natural gas, hydro, nuclear, and renewable sources. The
latter is taken as the high-quality energy resource in this
example. For the aggregate sustainability index, the com-
ponent quantitative indices are:

e Carbon footprint (kt CO,-¢/GWh) which measures the
contribution of an energy system to climate change.

e EROI (dimensionless) which measures the energy
productivity of a system, in terms of cumulative net
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energy production per unit of energy invested for
capital inputs (Hall et al. 2009).

e Land footprint (m* y/kWh) which measures the geo-
graphic area occupied by an energy system.

e Water footprint (m*’MWh) which measures the water
stress caused by an energy system.

e Risk to human lives which is a qualitative measure of
potential harm to inhabitants through pollutants, acci-
dents, etc.

Detailed values of the existing power plants and corre-
sponding qualities are given in Table 1 (Krishna Priya and
Bandyopadhyay 2017). Assuming a 7% annual growth over
next 5 years, the electricity demand of India is expected to
be 254.65 GW (also tabulated in the last row of Table 1). It
may be noted that actual values of these indices for the
demand should be decided by the Indian Government
based on the economic and societal development consid-
erations. It is assumed, for simplicity, that the enhanced
demand will be met from the renewable sources while
satisfying aggregate sustainability index.

Based on the opinions of the expert, a pairwise com-
parison matrix between different quality indices (also
known as the judgment matrix) is prepared and shown in
Table 2. Applying the methodology of AHP (see “Ap-
pendix”), relative weights for different indices are calcu-
lated and shown in Table 3. The aggregate sustainability
quality index can now be defined as the weighed sum of the
five qualities using the weights given in Table 3. It may be
noted that the largest eigenvalue for the judgment matrix is
5.066 with a consistency index of 0.0165 (see “Ap-
pendix”). However, to calculate the numerical value of the
aggregate sustainability index, the subjective criterion risk
to humans should be quantified. AHP is applied as
described in “Appendix” (detailed calculations are not
shown for brevity). Based on the normalized weights, the
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Table 1 Existing distribution of power plants and corresponding quality indices
Current capacity ~ Carbon footprint (kt CO,— EROI Land footprint Water footprint (m*/  Risk to
(GW) e/GWh) (dimensionless) (rn2 y/kWh) MWh) humans
(qualitative)
Coal 99.50 0.990 25.00 72.00 27.04 Very high
Oil 1.19 0.700 16.00 43.16 2.18 High
Natural gas  17.71 0.611 35.00 37.51 5.72 Medium
Hydro 38.20 0.013 41.00 0.04 113.26 Medium
Nuclear 4.78 0.026 8.00 0.40 11.34 High
Renewables  20.18 0.096 37.96 0.004 0.004 Low
Demand 254.65 0.400 15.00 0.350 1.50 Low
Table 2 Pairwise comparison - - . .
. . Carbon footprint ~ EROI ~ Land footprint ~ Water footprint ~ Risk to humans
matrix (A) between various
quality indices Carbon footprint 1 2 7 7 9
EROI 172 1 6 6 8
Land footprint 177 1/6 1 1 2
Water footprint 177 1/6 1 1 2
Risk to humans 1/9 1/8 172 172 1

quantitative values for different attributes of risk to humans
are obtained as follows: very high risk is 1; high risk is
0.629; medium risk is 0.206; and low risk is 0.085. To take

care of the different numerical values, all quality indices
are normalized to obtain a value within the range [0, 1].
Furthermore, all quality indices should follow the inverse
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Table 3 Weights assigned to Carbon footprint

EROI Land footprint Water footprint Risk to humans

qualities to calculate aggregate

sustainability index using AHP

Weights (w)  0.4872

0.3379 0.0673 0.0673 0.0403

scale (lower numerical value denotes better quality).
Quality indices such as carbon footprint, land footprint, and
water footprint already follow an inverse scale, and hence,
they are normalized with respect to the corresponding
maximum value. It should be noted that EROI does not
follow the inverse scale (i.e., larger values of EROI are
more desirable), and hence, 1/EROI is used as the quality
index instead. These normalized indices and the aggregate
sustainability indices for different sources and the demand
are presented in Table 4.

Note that, for the demand, it is assumed that there is no
strict limit to be met for each individual criterion or index;
a limit is only specified for the aggregate quality index.
However, the latter is determined from the desired value of
each individual quality index. This compensatory effect is
commonly used in sustainability assessment and assumes
that good scores with respect to some aspects can offset
poor scores elsewhere (Sikdar 2009). Weights serve to
reflect the relative importance of the different quality
indices. Furthermore, while there is no hard constraint on
individual quality indices, the individual limits are effec-
tively made tighter by the application of larger weight
factors, or more relaxed by using smaller weights.

Using the aggregate sustainability indicators as the
quality index for the overall problem, procedures for pinch
analysis may be applied to determine the minimum
requirement of the renewables. In this case, the energy
planning pinch diagram (described in more detail in Tan
and Foo 2007) is used to plot composite curves, with total
power generation (in GW) plotted along the horizontal
axis, and the composite quality index previously computed
signifying the quality; as a result, the vertical axis repre-
sents a dimensionless load that reflects the overall burden

Table 4 Normalized quality indices and the aggregate quality index

on system sustainability burden. Figure 3 shows the com-
posite curves generated directly from the data. It can be
seen that the solution is infeasible due to the intersection of
the composite curves. Then, as shown in Fig. 4, the source
composite curve is translated or shifted along a locus
(indicated in red) whose slope corresponds to that of the
most sustainable option (i.e., renewables) until the two
curves no longer intersect. Note that, in this optimal solu-
tion, the two composite curves are merely tangent to each
other at a threshold point on the rightmost extremity of the
sink composite curve. It may thus be concluded that the
optimal mix shown in Table 5 requires that an additional
75.44 GW of renewables should be installed and 2.35 GW
of coal-based power plants should be shut down to achieve
the desired level of sustainability. These changes will be
sufficient to meet the increased demand for electricity,
while satisfying the previously determined aggregate sus-
tainability goals for the system. This result can be verified
by multiplying the percentage shares in Table 5 by the
quality indices in Table 4, which then gives the sustain-
ability loads shown in Table 6. Note that the aggregate
dimensionless load (0.382) meets the aggregate dimen-
sionless sustainability limit (0.382). This result is particu-
larly interesting, because the optimal mix actually exceeds
the desired individual load values for all the indices except
EROI. However, EROI has a significantly higher weight
than three of the other indices, accounting for 34% of the
aggregate index (see Table 3), and the load is only half that
of the desired value indicated in the second column of
Table 6. Meanwhile, the dimensionless carbon footprint
load (whose weight is 49%) is about 15% in excess of the
desired level. This result reflects the importance of EROI in
planning sustainable energy systems; to be viable in the

Quality index (SQj or DQjy)

Aggregate sustainability

index (SCQ; or DCQ))

Carbon footprint 1/EROI Land footprint Water footprint Risk to humans
Coal 1.000 0.320 1.000 0.239 1.000 0.719
Oil 0.707 0.500 0.599 0.019 0.629 0.580
Natural gas 0.617 0.229 0.521 0.051 0.206 0.425
Large hydro 0.013 0.195 0.001 1.000 0.206 0.148
Nuclear 0.026 1.000 0.006 0.100 0.629 0.383
Renewables 0.097 0.211 0.000 0.000 0.085 0.122
Demand 0.404 0.533 0.005 0.013 0.085 0.382
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Table 5 Optimal capacity and share of power plants

Optimal capacity (GW) Share (%)
Coal 97.15 38.2
Oil 1.19 0.5
Natural gas 17.71 7.0
Hydro 38.20 15.0
Nuclear 4.78 1.9
Renewables 95.62 37.5
Total 254.65 100

long term, such systems should produce much more energy
than is required to build them in the first place (Hall 2017).
This concern is particularly true in large developing
countries like India, where demand for energy is likely to
grow faster than the world average. On the other hand,
some exceedance of the desired level of carbon footprint
can be justified in order to achieve a high EROI value. For
the other three indices (whose weights are just 0.07, 0.07
and 0.04, respectively), the loads are far in excess of
individual values, because these indices only weakly
influence the overall quality index. Nevertheless, the
excesses are compensated for by the advantage with
respect to EROI, as indicated both by the aggregate index,
and the orientation of the composite curves in Fig. 4. These
results are of course dependent on the weights; further-
more, in complex, practical decision-making applications,
this MIPA method should be used in conjunction with
conventional single-index pinch analysis (i.e., applied
separately to each individual index) to provide the energy
planners with a more comprehensive framework for anal-
ysis (Jia et al. 2016).

Conclusions

The MIPA method for energy planning problems has been
developed in this paper. This approach uses AHP to
determine an aggregate quality index and thus take into
account multiple quality indices within the pinch analysis
framework. It overcomes the key limitation of previously
developed pinch analysis approaches to sustainable energy
system planning, provided that the assumption is met that
the individual quality indices are compensatory—i.e., high
values for some criteria can be compensated for by low
values elsewhere. This assumption typically holds for
practical sustainability problems with multiple indicators.
Furthermore, the use of AHP allows subjective or quali-
tative aspects to be approximately quantified and integrated
into the pinch analysis framework. An illustrative case
study has been solved to demonstrate this methodology.

Table 6 Sustainability loads of
optimal energy mix

Desired (DQj) or limiting (DCQ)) value

Actual value

Normalized carbon footprint
Normalized EROI
Normalized land footprint
Normalized water footprint
Normalized risk to humans

Aggregate index

0.404 0.467
0.533 0.267
0.005 0.421
0.013 0.247
0.085 0.473
0.382 0.382
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Table 7 AHP 9-point scale

Linguistic equivalent for criteria

Linguistic equivalent for alternatives

(Saaty 1980) Value
1 Equally important
3 Moderately more important
5 Strongly more important
7 Very strongly more important
9

Extremely more important

Equally preferred
Moderately preferred
Strongly preferred
Very strongly preferred
Extremely preferred

Future work can focus on extending this methodology to
address practical planning issues, such as geographic dis-
aggregation, multi-period systems, and the presence of
multiple stakeholders. Furthermore, it may be possible to
consider other methods, such as principal component
analysis, to supplement the MIPA approach.

Appendix: Analytic hierarchy process (AHP)

A brief overview of the computational aspects of AHP is
given here. Details of the AHP framework are described
extensively in the literature, and particularly in key refer-
ence books (Saaty 1980). The discussion below pertains to
determination of weights of criteria, but the procedure is
also applicable to quantifying scores for qualitative or
subjective criteria. The methodology computes the weight
vector (w) of n elements from pairwise comparisons
summarized in a positive reciprocal square matrix A:

W1 Wi w17
1 a12 PEEEEY a]n _ —_— DY —_—
1 Wy W Wy
1 - ay wy  Wp w2
an = £ ... =
A= . = |w w Wi
Ly Wa Wi W
aip A L W1 %) wy |
(1)
where
1 wi
ay =—=—L. (2)
aiji Wj

In general, experts are asked to give n(n—1)/2 pairwise
comparisons of criteria. Each ratio value (a;) is based on a
standard 9-point scale (Saaty 1980). Table 7 gives the 9-
point scale for both criteria and alternatives. The relative
weights (w) of the criteria are found using the normalized
right eigenvector associated with the principal eigenvalue
()“max) of A:

AW = AW (3)

The weights are normalized so as to sum to unity:

ZW,‘Z 1. (4)
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In the case of a perfectly consistent pairwise comparison
matrix, Ama is equal to n. Otherwise, the eigenvector
method can also be used to measure a consistency index:

Cl = (Amax—n)/(n—1) (5)

Other than the eigenvector approach described here, the
weights can also be calculated using the simpler geometric
mean method, which yields approximately the same
results, but for which a consistency index cannot be
calculated.
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