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REVIEW

Pinch analysis, as a technique for optimising resource utilisation and
promoting environmental sustainability: A review of recent case studies

from the developing world and transition economies

G Venkatesh

Abstract: Pinch analysis, as a technique to optimise the utilisation of resources, traces its beginnings to
the 1970s in Switzerland and the UK ETH Zurich and Leeds University to be more precise. Over four decades
down the line, this methodology has entrenched itself in research circles around the world. While the technique
was developed, to begin with, for energy (heat) recovery, it has since then expanded to embrace several other
fields, and enabled optimisation of resource utilisation in general. The motive behind this article is to perform
a focused, selective review of recent case studies from the developing world and transition economies, having
‘pinch analysis’ in their titles and thereby as their ‘core, crux and gist’, during the period 2008-2018. The
resources focused on, include heat energy, electrical energy, water, solid waste, money, time, land (surface
area), storage space (volume), human resources, mass of resources in general and hydrogen, while a handful
of publications have their focus on carbon dioxide (greenhouse gases in general) emissions. Multi-dimensional
pinch analysis promises to be an effective tool for sustainability analysis in the years to come; most importantly
in the developing world where social well-being and economic development are priorities in the years ahead,
and they ought to be attained by a simultaneous truncation of the environmental footprint, in other words, an
optimisation of resource utilisation as well as adverse environmental impacts. In other words, the focus ought

to be on sustainable production (efficiency) and consumption (sufficiency).

Keywords:
(WAMPA), water pinch pnalysis

1 Introduction

As the population of the world increases, the demand
for resources of different types will also follow suit. The
world needs to accept and adjust to aggravating resource
scarcity as an unavoidable challenge in the future. Be
it due to climate change or simply due to demand be-
ing greater than techno-economically feasible supply, it
is imperative to gear up to this challenge. Most of the
population increase in the years to come, is likely to hap-
pen in the developing world. Half of this is expected
to happen in eight developing countries - India, Nigeria,
Pakistan, Democratic Republic of the Congo, Ethiopia,
Tanzania, Indonesia and Uganda.[” India, China, Nige-
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financial pinch analysis, optimisation, pinch analysis, waste management pinch analysis

ria, Pakistan and Indonesia will house more than 300
million people each. Some other African countries will
see a quintupling of their populations by 2100 Malawi,
Mali, Niger, Zambia and Somalia for instance, in addi-
tions to the ones named above. The life expectancy in
the developing world is also likely to increase, with the
child mortality rate going down appreciably at the same
time. Scarcities of different types of resources in dif-
ferent parts of the developing world, will be realities to
contend with. Sustaining the anthroposphere in the de-
veloping world augmenting social welfare and manag-
ing economic development - will not be possible without
effective management of our environmental sources (re-
sources) and sinks (spheres into which we discard our
wastes).

Pinch analysis, as a technique to optimise the utilisa-
tion of resources, traces its beginnings to the 1970s in
Switzerland and the UK ETH Zurich and Leeds Uni-
versity to be more precise. It was the oil crisis and the
Limits to Growth report,!?! the latter reinforcing belief in
the Malthusian prediction (in 1779) of population growth
outpacing agricultural production; which may have sown

Resources Environment and Information Engineering (©) 2019 by Syncsci Publishing. All rights reserved.


venkatesh.govindarajan@kau.se
https://creativecommons.org/licenses/by/4.0/

2 Resources Environment and Information Engineering, July 2019, Vol. 1, No. 1

the seeds of pinch analysis in the 1970s. It was towards
the end of that decade that the first articles on pinch anal-
ysis were published Linhoff;®) Boland & Linhoff.*!
This was about the same time when many other tools
and techniques for optimisation of resource utilisation
and environmental management environmental sustain-
ability in other words were nascent. Environmental Life
Cycle Analysis was one of them.

Pinch analysis, from its ‘source’ in heat recovery,
Switzerland and the UK, has now entrenched itself in re-
search circles around the world, and also expanded its
domain into areas other than energy engineering one
reads about water pinch, financial pinch, solid waste
management pinch, mass pinch, hydrogen pinch, and
even applications in production planning (time as a
resource) and human resources management. While
Kleme & Kravanjal® is a must-read for anyone who
wishes to follow the birth and development of pinch anal-
ysis from the 1970s till the second decade of the 21st
century, Kemp!® is a very good source of reference for
understanding the pinch analysis methodology. While
Morgan,!”) a decade and a few years after pinch analysis
was ‘born’, reported that pinch analysis significantly im-
proves both the process design and the design process,
Steinmeyer!'®! expressed concern that pinch analysis, by
narrowing down the focus, may miss out on major op-
portunities for improvement in other words, it may miss
the wood for the trees, to cull a metaphor. Analysis of
the limitations, and development of solutions to over-
come these limitations, have helped en route. As lim-
itations have been uncovered and overcome over time,
the prospects for pinch analysis have become brighter
progressively. Tan RR et al.”! has focused on the
future prospects of pinch analysis, highlighted several
the strengths and opportunities of this tool in indus-
trial/production management.

The motive behind this article is to perform a focused,
selective review of recent publications from the develop-
ing world and transition economies, having pinch analy-
sis as their ‘core and gist’. The focus has been restricted
to papers originating from (and case studies of) the de-
veloping world. This is because, as mentioned earlier,
most of the population growth in the future will happen
in the developing countries, and it is here that social well-
being and economic development (both of which are re-
lated directly to resource consumption) will be strong
priorities. But in the interest of sustainable development,
these two priorities need to go hand in hand with a si-
multaneous truncation of the environmental footprint, in
other words, an optimisation of resource utilisation as
well as adverse environmental impacts. Applications of
pinch analysis which have already been done in these

countries, will serve as trendsetters for more of them in
the future, in all the domains referred to earlier in this
sub-section.

It goes without saying that the articles reviewed form
just a subset of the vast body of knowledge which
forms a strong bedrock now, for research in this niche
area of production engineering and resource manage-
ment. Among other things, this review paper adopts
sector-wise, optimised-resource-wise and country-wise
perspectives, while throwing light en passant on the main
outputs of the papers as well as the complementary meth-
ods devised, introduced and applied by the authors. It is
not a conventional review paper not just a critique of
the methodology per se but a ‘historical account’ of ‘re-
search and development in pinch analysis’, of late, which
subsequently narrows down its scope to focus on the de-
velopment. It thus provides insights into the application
of ‘Pinch Analysis’ in the developing world, and based
on feedback obtained from colleagues and students at the
author’s university, will be useful to readers researchers,
faculty members and students of pinch analysis alike.

2 Methodology

2.1 Source

The author has adopted a very simple approach to
constructing a list of publications to be read and re-
viewed for this paper. The source referred to was Scopus.
Only ‘pinch analysis’ was used as the search-phrase, and
the time-span was restricted to 2008-2018. Knowing
well that pinch analysis has been written about from the
1970s, and reviews of publications from the 20th cen-
tury already exist in literature, the intention was to nar-
row down the temporal ‘analysis boundary’ to the last ten
years, in which, as we notice, the extension of the tech-
nique to resources other than heat has happened quite
conspicuously. The basic premise for selecting Sco-
pus was the well-known fact that Scopus is the largest
database in vogue 14000 journal titles from 4000 pub-
lishers worldwide - and thereby there is a likelihood of
most (if not all) publications related to known fields of
research like pinch analysis, being accessible using it.
Of course, there may be some journals and thereby pub-
lications which may tend to get left out, but this would be
a small fraction and perhaps negligible. A claim to com-
prehensiveness has not been made thereby. The range is
certainly limited by the choice of the source and the ra-
tionale behind it, the limitations of which, this author is
aware of.

2.2 Search

Only those publications with ‘pinch analysis’ in their
titles have been read and reviewed in this paper. That of
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course, may at first-thought, seem to be a key limitation,
as there obviously are pinch-analysis-based publications
where the term may appear in the Abstract and/or the
Keywords, but not the Article Title. The intention was
to focus only on such papers, the core, crux and gist of
which, would be ‘pinch analysis’. Anyone who would
want a paper to be based primarily on an application of
pinch analysis would certainly include that term in the
title of the paper. The term ‘pinch technology’, in the
opinion of this author would refer to the implementation,
post-analysis. Pinch analysis would be done always as
the first step and it may or may not be followed by the
actual technological implementation (pinch technology,
layout redesigning etc.) From this point of view, almost
all publications would essentially be pinch analysis, with
or without a pinch technology component. While filter-
ing out further, it was found that some articles related to
orthopaedics and plasma physics were also listed- ‘pinch
analysis’ being used in a more literal sense in those pa-
pers. These were excluded, and the list whittled down to
a little under 160 publications.

2.3 Trend over time

Figure 1 and Figure 2 summarise the post-filtering
search results.

Az
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Figure 1. Graphical representation of the spread of the publica-
tions over the period 2008-2017 (Year 2018 has been excluded as
it is the current year and there would be more publications related
to pinch analysis before the end of the same)

If publications in year-2018 the ongoing year - are ex-
cluded (in the third month of the year, at the time of writ-
ing this paper, there are 10 results), as Figure 1 shows,
there is an exponential growth in the number of publi-
cations, which may lead one to expect 32 publications
in 2018, before the end of the year. While there are 56
journals (refer Appendix A) in the list of 153 publica-
tions, Figure 2 shows only those with 5 or more publica-
tions over the chosen time period. As seen, the domains
encompassed are chemical engineering, environmental
engineering, energy and thermal engineering, industrial
and production engineering.

Number of publications with ‘Pinch Ansbysis’ in Articke Tithe In 2008-2018

Figure 2. Journals with five or more publications having ‘Pinch
Analysis’ in their titles, over the period 2008-2018

2.4 Subset from developing world

The papers filtered out, could be placed in two broad
categories those making contributions to methodology
and theoretical understanding, and those focusing on
applications of pinch analysis. From the second cate-
gory of papers, a secondary filtering was done to iden-
tify case studies from the developing world and transi-
tion economies (almost all of these also originated from
universities in those countries). The countries repre-
sented (Figure 3) include China, Malaysia, India, Iran,
The Philippines, Egypt, Thailand, Brazil, South Africa,
Colombia, Romania, Bhutan and Sudan (Greece featured
alongwith India and Malaysia in comparative analyses).
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Figure 3. The distribution of the publications based on case
studies from the developing world and transition economies

3 Literature review and analysis

Figure 4, which is also the graphical abstract for this
article, shows the shares of the resources (or environ-
mental emissions) primarily focused on, in all the pub-
lications (including the ones from the developed coun-
tries). It must be mentioned at this juncture, that quite a
few publications have a primary focus on multiple re-
sources with some of them beginning with a carbon
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emissions pinch analysis and extending the results to
look at water footprint, land footprint ezc.['” This ‘multi-
plicity of foci’ has been incorporated into the pie chart in
Figure 4. In many of them, economic benefits associated
with the optimisation of resource utilisation (water or en-
ergy usually) focused on, and/or greenhouse gas (GHG)
emission reductions, follow as a corollary. This further
reinforces the usefulness of pinch analysis as an enabling
tool for interventions facilitating global, economy-wide
sustainable development.

Human resources, 2 Land (surface area), space (velume) or

time resources, 8

Environment, health and
safety [ commonly GHG
emissions to environment), 29

Hydrogen, &

Mass of product
3
or raw materials Heat energy and thereby fuels, 71

?

Water, 22

Solid wastes, 4
Electrical energy and thereby fuels, 31

Figure 4. The primary focus (or foci) of all the publications
(including the ones from the developed world)

As expected, power pinch analysis dominates with
heat energy recovery being the focus in 71 publications,
vis--vis the optimisation of utilisation of electrical en-
ergy (31). It follows, referring to the legends in Figure
4, that optimisation of energy directly results in reduc-
tion in the consumption of fuels. The focus on carbon
dioxide (CO, or GHGs in general) emissions pinch anal-
ysis (global warming evidently being a concern which
is being addressed by researchers all over the world) is
stark from Figure 4, though it must be pointed out that
some of the 29 publications focus on workplace risk min-
imization. Of course, reduction in GHG emissions re-
sults from, inter alia, a decrease in the use of heat or
electrical energy.

3.1 Sectoral applications

The publications have been segmented based on the
area/sector in which pinch analysis has been applied in
the publications from the developing world / transition
economies. Broadly, these are Power and Fuels; Chemi-
cal, Pharmaceutical & Petrochemical; Food; Urban sys-
tems, Construction materials, Rubber and Paper; and In-
dustrial sites in general (Refer Appendix B).

3.1.1 Power and fuels
3.1.1.1 Power generation

Most of the case studies from the power sector, were
published towards the end of the timespan chosen - There
are six papers by Rozali et al.,'''% two by Patole et
al "% and a few by Krishna Priya and colleagues -
Priya et al. (2015B) Priya & Bandyopadhyay.''!!8-2%]
Despite declines in coal’s generation share in China,
thanks to the government’s commitment in 2017, of an
investment of USD 360 billion in renewable energy, the
International Energy Outlook-2017 reports project that
coal will continue to be an important component of
China’s electricity mix, peaking at nearly 4,400 billion
kWh in 2030. By 2040, coal and natural gas would most
likely be providing over 55% of the countrys total elec-
tricity.[**! A likely surge in coal consumption in power
generation makes India, the largest source of growth in
global coal use, in the years to come. Oil demand too will
increase by more than in any other country, and reach 10
million barrels per day by 2040.%#1 The electricity mix
now is dominated by coal, oil and gas (73%), and despite
efforts being made to increase the share of renewables to
40% by year-2030, the power sector will continue to be
a major global source of greenhouse gas (GHG) emis-
sions. It is in this backdrop that the application of carbon
emission pinch analysis (CEPA) as a tool to advise the
electricity sectors in India and China by Priya & Bandy-
opadhyay!'®! and Li Z et al.!*>! respectively, is notewor-
thy. These researchers tested the impact of improving
the share of renewable energy in the mix, on the trunca-
tion of the country’s carbon footprint as economically as
possible.

By using pinch analysis and exergy analysis in tan-
dem, (which Ataei & Yoo®® label as Combined Pinch
and Exergy Analysis or CPEA), Farhad et al.,”’! in a
case study of four Iranian thermal power plants, could
show that better heat integration could easily enable the
reduction of the consumption of fossil fuels by 64,000
tons. Of course, it goes without saying that this would
play a significant role in the truncation of Iran’s car-
bon footprint. It must be mentioned at this point, that
CPEA will be a very useful tool for Iranian researchers
helping the government to tackle climate change which
is having an adverse impact on the country’s water re-
sources and forests. Also noteworthy is the fact that the
power sector accounts for 90% of these emissions. The
other publications which have originated from Iran have
also been evidently been motivated by this top-down ap-
proach whereby policy-making (a reduction target set by
the government, in this case) motivates researchers to
contribute to the decision-making process. In addition
to reducing GHG emissions, if carbon capture and stor-
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age systems (CCS) are also set up to further truncate the
carbon footprint (as in CO5 emitted to the atmosphere)
of power plants, more ambitious reduction targets can
be set and attained in the developing world. Many re-
searchers from India, Malaysia, the Philippines, Iran
and China have, by availing of CEPA as a tool, shown
how the installation of CCS systems can be optimised,
while making sure that the power output and thermal ef-
ficiency of the power plants alongside them are not ad-
versely impacted. The author would like to refer to Tan
RR et al.,”® Harkin et al., Wang Z et al.,**! Ooi et al.,?"
Zhang K et al.,"*! Priya & Bandyopadhyay (2015A) and
Valiani et al.,?% in this context.

Integrated Gasification Combined Cycle (IGCC)
Plants are common in Iran’s power sector; and as such
they have a higher efficiency than steam turbines and gas
turbines operating separately. However, there is a pos-
sibility of further improving the efficiency, thanks to in-
sights obtained from pinch analysis. The CPEA used by
Farhad et al. in 2008,>”! to demonstrate the possibility of
areduction in resource usage and environmental impacts,
and an improvement in energetic efficiency, was applied
ten years later by Asl et al.l**! and Khoshgoftar Manesh
& Rosen,*#! in combination with an economic analysis,
on an Iranian IGCC plant. This is one of the many pub-
lications which at once demonstrates the applicability of
companion tools to analyse resource optimisation possi-
bilities in the industry.

Pinch analysis, in the instances above, in concert with
exergy and economic analyses, is useful when inter-
ventions to reduce environmental impacts are planned.
While GHGs may be the focus of many countries India,
China, Iran efc. energy saving can also easily be cor-
related with a reduction in other emissions and thereby
a host of environmental impact categories, as Gadalla et
al.® have shown by correlating energy saving (cour-
tesy energy recovery using heat exchangers) in power
plants to reduction in emissions of COs, nitrogen oxides
(NOx) and sulphur dioxide. NOx emissions are respon-
sible for photochemical oxidant creation and/or eutroph-
ication and/or acidification, while sulphur dioxide is a
well-known cause of acidification of water bodies and
agricultural/forest soils.

The possible improvements uncovered may at times
seem insignificant, but when viewed from the perspec-
tive of the entire operation phase of a power plant, small
daily savings in resource usage translate into substantial
gains in the longer run. Take for instance, the Mexi-
can study conducted by Arriola-Medellin et al.,*®! in a
thermal power plant. CPEA came in handy for Arriola-
Medellin et al.,*® who proved that during process re-
design, if cross-pinch heat transfer could be avoided in

a Mexican thermal power plant, its efficiency could be
increased slightly - by 0.81 percentage points and the
cooling water consumption could be reduced by 2.4%.
These may seem to be small and insignificant, but in the
interest of the environment and resource conservation, it
is worth the effort. Moreover, if water scarcity is going to
be an imminent challenge in the future, any reduction in
water demand is most welcome, anywhere in the world,
in any sector. Mexico, it must be pointed has a fossil-
fuel-heavy power sector (over 70%, like India’s), and the
expected growth in population is bound to stress water
resources in the country in the years to come.

Malaysia is not just a major producer of oil and natu-
ral gas, but it uses a good portion of the domestically ex-
tracted fossil fuels (coal included) in its own power sec-
tor, and this may probably be the case in a business-as-
usual scenario. Truncating the country’s carbon footprint
is certainly a point on the government’s agenda. Working
from Malaysia, Wan Alwi et al.®”! introduced a new tool
based on pinch analysis, which they labelled as the out-
sourced and storage electricity curves, to support power-
plant planning. While elaborately discussing the merits
of a hybrid power system (HPS), they showed how one
could design an HPS to reduce the electricity load on the
grid, as well as the required storage capacity. The op-
tion of optimising storage capacity (reduction by 50% as
shown by the authors), will perhaps promote investments
in solar-PV and wind power, if the merits hereof are
communicated clearly to decision-makers in the coun-
try. Lee MY et al.,*® building on studies like Wan Alwi
et al.,”’! emphasized on the expediency of better power-
plant planning in the 21st century in Malaysia (and glob-
ally, for that matter), and determined using Electric Sys-
tem Cascade Analysis (ESCA) that a total power plant
capacity of 0.929 GW and energy capacity of the stor-
age systems equivalent to 2.6 GWh would be required
for the country. ESCA is an optimisation technique for
the design and scheduling of a distributed energy gener-
ation system based on pinch analysis, with the objective
of ensuring maximal thermal efficiency of the power-
plant. What Wan Alwil®"! tested for Malaysia in 2013,
Rozali et al.!''"1% did for Iran, in the next four years, in
a clutch of publications focusing on various aspects of
the HPS and load reduction on the grid. Among other
things, they tested the possibility of diesel stand-alone
generators being considered as add-ons to the grid, and
studied the effect of the feed-in tariff on integration of
different sources of power generation to the grid. This
economic aspect which was the focus of Rozali et al.['”!
extends the other analyses carried out by them earlier,
into the realm of practical possibilities and hurdles, re-
lated to governance and policy-making. Bandopadhyay
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et al.”®! and Liu, WH et al.,'*"! applied the ESCA which
Lee, MY et al.*® had introduced a year earlier, in their
Indian and Malaysian case studies respectively.

In what could be looked upon as a contribution to
pinch technology, Guo et al.'*'! and Wu S et al.,'**) fo-
cused on the design of heat exchangers (subsequent to
performing pinch analysis and determining the potential
for energy saving) in thermal power plants adopting the
organic Rankine cycle (common in engineering parlance
as ORC), and stressed on the importance of locating the
heat transfer pinch point correctly to factor in the reduc-
tion of resistance loss. The process design in an ORC
plant is guided by a combination of factors process fluid
selection, thermal efficiency, economics and the sizes of
the components. Higher efficiency, lower life-cycle costs
and optimised component sizes would be the targets an
engineer would set for himself. Sarkar!*’! performed a
comparative analysis of three different fluids ammo-
nia, R152a and toluene and concluded that depending
upon the priorities set, ammonia is preferable in terms
of higher thermal efficiency and lower component size;
R152a, if a higher net power output is the main require-
ment; and toluene, if the goal is to optimise the life-cycle
cost.

Offshoots of pinch analysis have mushroomed dur-
ing the timespan considered in this review, and many
of them have either originated in and/or been applied in
the developed world. Like ESCA, CEPA and CPEA,
there is the so-called SAHPPA or stand-alone hybrid
power pinch analysis, which has been applied by Ho
et al.** in Malaysia, and Norbu & Bandyopadhyay!*”’
in Bhutan the latter co-authoring with Bandopadhyay,
to study the optimisation of standalone, off-grid (de-
centralized, in other words) renewable HPS with non-
intermittent biomass/biofuel and intermittent wind and
solar energy as the sources. This is of particular rele-
vance to electrification of remote areas in the developing
world, which is one of the many challenges/priorities of
many developing world governments. As far as alternate
energy sources (renewable preferably) being sought by
the energy sector in many parts of the world are con-
cerned, hydrogen gas is being touted as a prominent one
in the future, with fuel cells likely to be better-entrenched
globally. From a futuristic perspective, the study of
Ghosh et al.,'*¢! which has applied pinch analysis to op-
timise the size of the reformer of the fuel cell and the
storage volume of the buffer tank, in what they call the
‘design space’ of the system, deserves mention.

Sustainability thinking entails holism; and advises
against ‘cross-subsidizing’. In other words, too much
focus on reducing the consumption of one resource may
result in the increase in the consumption of some other

resources. Too much focus on reducing one type of en-
vironmental impact may result in ‘problem-shifting’ or
an undesirable increase in some other types of impacts.
This is where multi-objective pinch analysis (or multi-
dimensional pinch analysis) holds promise for the future.
Three papers by Priya et al.,*”) Priya & Bandyopad-
hyay!?*2!l have shown how this can be done for power
plants. Of course, one may start off by focusing on a
single resource, but the need for a more holistic outlook
at once becomes clear. Power plants use water, fuels of
diverse types and emit GHGs. There is also the need
to match demand to supply and invest in storage tech-
nologies as many other papers referred to earlier have
discussed. The analysis is also incomplete without giv-
ing a thought to land use and economics. Certainly, the
relative importance of the different objectives is not the
same in different parts of the world, at different times.
Patole et al.l'®!71 have added to the body of knowledge
related to multi-objective pinch analysis by developing
what they term as a composite quality index, which fac-
tors in carbon footprint, water footprint, land footprint,
‘emergy transformity’, energy return on investment, hu-
man fatalities and inoperability risk, each of which is as-
signed a weightage using the well-known Analytic Hi-
erarchy Process. In the same year as Patole et al.l'9)
was published, Jia X et al.*”! applied multi-dimensional
pinch analysis to the electricity sector in China, factoring
in some of the aforesaid footprints/indices. Jia X,1*”! as
we shall also see later, has played a key role in expand-
ing the application of pinch analysis to different types of
resources in different industrial sectors.

3.1.1.2 Oil and gas

Zhang Q et al."*®! and Huang FL et al.1*! showed that
the pinch analysis technique could be applied to min-
imise the demand for fresh hydrogen in the petroleum
industry. Four years after studying the potential for re-
duction in the use of hydrogen, Zhang Q et al.®®! con-
sidered a type of multi-criteria pinch analysis, with the
reduction of consumption of both water and hydrogen
being considered. If demand for fresh hydrogen can be
minimised in the petroleum industry, what is saved can
find use in fuel cells in the future, when that technology
entrenches itself in China. With electric vehicles slowly
entering the private transportation sector in the country,
it is necessary to make sure that the demand for thermal
power does not increase. Fuel cells can be placed up-
stream to power the charging stations on highways, for
EVs.P!

The water problems in Iran have loomed over time, ne-
cessitating immediate mitigation actions'>?! Though over
90% of the water consumption is in agriculture and that
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sector needs to be considered as the hotspot to be recti-
fied, small efforts made in the oil and gas sector will also
certainly contribute. Water was the resource focussed
upon in three Iranian publications - Bidhendi Nabi et
al®¥ and Mohammadnejad e al."*! in a case study
of an oil refinery in Tehran. Water scarcity, this goes
to show, has been a relatively chronic challenge the Ira-
nians have been facing. The freshwater use reduction
(by way of water cascading within the refinery) achieved
with double-contaminant and triple-contaminant water
pinch analysis was 40% and 17.4% respectively. In Mo-
hammadnejad et al.,l’>! the authors also considered each
parameter hardness, COD and suspended solids sepa-
rately, and arrived at 60%, 43% and 17% reduction in
freshwater use respectively.

The refrigeration cycle of a natural-gas-liquids recov-
ery unit in Iran was optimised by Ghorbani et al.’® by
using CPEA, and the changes implemented on the basis
of the advice these tools provided (the pinch technology
subsequent to pinch analysis), resulted in a reduction of
the compressor work by 570 kW and a drop in refriger-
ant demand by 11.5%. Energy saving apart, a truncation
in the environmental impacts associated with refrigerant
production and transport to site is also achieved. When
calculated for the entire operation phase of the lifetime
of the plant, the economic and environmental benefits
are not insignificant. In a similar paper, Thasai & Sie-
manond!®® in a Thai case study of a liquefied natural gas
plant, justifies the application of CPEA by rightly ob-
serving that pinch analysis cannot account for shaft work
and therefore, exergy analysis is also needed in order to
improve energy efficiency in a holistic manner (both heat
and work and thereby electricity, in other words). The
olefin production process in an oil refinery was the sub-
ject of interest for Ataei and Beninca er al.*8! in two sep-
arate studies carried out in Iran and Brazil respectively.
While the former used the same methodology as Thasai
& Siemanond®”! and Ghorbani et al.’®! and concluded
that a total energy use (shaft work plus energy) reduc-
tion of close to 2.5 MW could be achieved which when
accounts for the number of hours in a year the plant oper-
ates in a year, translates into significant savings - the lat-
ter tested various mathematical optimisation techniques
and contributed to the methodological development of
CPEA.

Process redesign on the basis of the outputs of pinch
analysis can be expensive. But if the focus is not just
on the capital cost, but on the net benefits over the en-
tire lifetime of the plant, economic feasibility is at once
detected and the pinch analysis can give way to the
pinch technology implementation. In a study of cat-
alytic cracking of a refinery fluid, a capital investment

of about 1 million USD, for a design T min of 26 °C,
reduced the hot and cold utility demands significantly
and further benefits were availed of by integrating two
heat exchanger networks in the refinery®® Cui & Sun!®”!
also demonstrated the benefits of inter-unit coupling in
a crude oil distillation plant in China, and showed that
economic benefits could be easily increased. These,
one can say, are examples of navigating the realm be-
tween process integration and total site integration. Heat
exchanger network synthesis using mixed integer non-
linear programming (MINLP), subsequent to pinch anal-
ysis using hot and cold stream data from a gas separation
unit in Thailand design, by Angsutorn et al.,'®!! shows
how the number and sizes of heat exchangers can be op-
timised, in order to improve the economic feasibility of
energy recovery installations.

CCS was one of the themes in the pinch analysis pub-
lications focusing on the power sector. While the thermal
sector is one source of CO, emissions, the petroleum
sector is another. CCS, in general involves multiple
sources of emissions and multiple sinks or storage sites
in a many-to-many relationship. The sinks include geo-
logical formations such as depleted oil or gas wells, in-
accessible coal seams, and saline aquifers. Using CEPA,
researchers from the Philippines, Malaysia and India,
have shown how the sources in the case of that paper,
petroleum refineries and thermal power plants - can be
matched to the sinks for a given region/country.!® This
is a useful offshoot / addendum to the CEPA methodol-
ogy, which can be applied for selected cases regions or
countries.

3.1.1.3 Biofuels — bioethanol and biodiesel

Biofuels replace fossil fuels in a country’s energy mix
and the CO, emissions resulting from their combustion
are considered to be biogenic and thereby not contribut-
ing to global warming. However, fossil energy may be
needed upstream in the conversion of feedstock to biofu-
els. In order to maximise the environmental benefits of
replacement of fossil fuels with biofuels, the upstream
energy use has to be controlled.

In a case study conducted in the Philippines, with
sugarcane and corn considered as the possible sources
of bioethanol production, Tan RR, et al. 19! studied the
limitations imposed by freshwater resources in three se-
lected regions in the archipelago for sugarcane/corn cul-
tivation, on satisfying internal demand for bioethanol.
While the focus was on water as a resource in this pa-
per and the tool goes by the name ‘water footprint pinch
analysis’, the authors recommended a multiple criteria
pinch analysis, with land use and GHG emissions as the
two additional criteria. Land use is a critical factor in
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the Philippines which has a population density of over
350 inhabitants per square kilometre. The power sector
in the country is also heavily reliant on the coal, oil and
natural gas (over 72%), and this necessitates all possible
measures across the national economy, to reduce GHG
emissions.

Brazil has been in the forefront in the biofuels sec-
tor for quite some time now and in a Brazilian case
study conducted by Palacios-Bereche et al.,!° the au-
thors have concluded that adopting mechanical vapour
compression in bioethanol production from sugarcane,
reduced steam consumption by 10% in the evapora-
tion system of the plant. They have also recom-
mended thermal integration of the vapour compres-
sion process to other streams in the process chain
to further improve the energy efficiency. Petersen et
al.,'®! in a South African study, rated gasification and
Fischer Tropsch synthesis of ethanol from sugarcane
bagasse over hydrolysis-fermentation and simultaneous
saccharification-fermentation, with respect to energy ef-
ficiency, after exploring thermal integration possibilities
using pinch analysis.

The food-fibre-fuel debate and the resulting competi-
tion for and stress on water and land resources, resulted
in microalgae emerging as a kind of a ‘silver bullet’ so-
Iution some years ago. Algal biodiesel is gradually for-
aying into the scene and in a few years, it would have
realised its full potential, thanks to concerted research
being undertaken in universities around the world. In
a Colombian study, Sanchez et al.l® investigated the
possibility of improving the energy efficiency of produc-
ing biodiesel from microalgal oil, through esterification
and transesterification and using pinch analysis deduced
that by resorting to heat transfer between cold and hot
streams, reduction of cooling and heating duty respec-
tively by 11.3% and 13.3% could be achieved. In ad-
dition to optimising energy use, a water pinch analysis
also revealed that water in the biodiesel from esterifica-
tion could be flashed out and then reused in further stages
of washing. Though the authors did not perform an eco-
nomic feasibility analysis in this paper; they have recom-
mended the same as it is necessary to find out whether
the heat exchangers would fetch the plant an attractive
Return on Investment. CPEA figures in Jia Z et al.,!°”)
in which barley straw replaces microalgae as the source
for biodiesel. The pinch analysis results pointed to a
reduction in the process exergy loss by 23%. Among
the pinch technology implementation measures recom-
mended by the authors, in addition to the installation of
heat exchangers, are an increase in the reaction tempera-
ture and an adjustment in the ratio of reactants.

3.1.2 Chemical, pharmaceutical and petrochemical

Yang JK et al.!%®! have focused on some very practi-
cal considerations that must not be forgotten when pinch
analysis is applied in chemical and petrochemical indus-
tries. Proper selection of sub-systems (sets of energy-
using / energy-transporting processes in other words)
within larger systems is extremely important if the plant
wishes to recover energy without incurring high expendi-
tures for the retrofitting that may be needed. In a review
paper on water pinch analysis (or water network synthe-
sis as it is alternately called), originating in Malaysia,
Foo et al.'! have discussed the development in this par-
ticular application of pinch analysis in the chemical sec-
tor over the years starting from the 1990s, and well into
the 21st century.

Wang et al.’ in a paper in which they have devel-
oped the approach tested by Tan RRI7!! further (Tan RR
also happens to be a co-author in the former), have used
segmented pinch analysis to advise environmental risk
management measures in the chemical industry. They
have devised a method based on the ‘willingness to pay’
standards, which has the risk management costs on the
Y-axis (for the sink curve) and the degree of criticality
of the risk on the X-axis (for the source curve). The top
right-hand point of the sink curve (or the sink line) is
determined by the constraints on funding which the in-
dustry has to be operate within. Here, mention must also
be made of Tan RR ez al.,”! which preceded Tan RR et
al.!*! and Wang et al.,'’”! and was one of the stepping-
stones in the development of the pinch analysis method
for providing advice to environmental risk and indus-
trial safety management. Methanol, a key product from
the chemical sector, can be produced from either coal
or biomass. Of course, the former approach will con-
fer a large carbon footprint to this alcohol-product. Qin
et al."?! using CEPA, have advised expediency with re-
gard to the replacement of coal with biomass as a source
for methanol production in China, and as it would invari-
ably take time, they have recommended the retrofitting of
at least 65% of the currently-operating coal-to-methanol
plants with carbon capture and storage facilities. Coal-
to-methane was also the focus of Jia X ef al.,!”?! but water
was the resource under consideration, and water pinch
analysis revealed that a reduction in freshwater use of
16% could be achieved with effective internal water cas-
cading. CEPA was also used in an earlier Chinese case
study by Jia XP, et al.l’* to show that vis--vis the then-
existing energy planning for a chemical industry park,
a further reduction of 10% in GHG emissions could be
achieved. In yet another paper dealing with CO, emis-
sions control in the Chinese chemical industry, Yu YS et
al.!! determined the so-called synergy pinch point with
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zero COs surplus and zero energy surplus, and recom-
mended the introduction of an energy-efficient gas strip-
per with fins.

There are three papers which have focused on three
different products and thereby production processes
in the chemical/petrochemical sector ethylene oxide,
chlorine-caustic soda and triethylene glycol. The first
two which have used CPEA are from Iran, while the third
which has used only pinch analysis is from China.l’®!
While the conventional pinch analysis method showed
that the cold utility requirement for ethylene oxide pro-
duction could be minimized to 601 MW, using CPEA
enabled the authors to uncover a further reduction of 24
MW, in Ghannadzadeh & Sadeqzadeh.l””! As noted ear-
lier, Thasai & Siemanond®’! had observed that while
pinch analysis focuses on heating and cooling, exergy
analysis factors in work as well. In the case of Ghan-
nadzadeh & Sadeqzadeh,’® which adopts the same ap-
proach as the former to study the hot and cold streams of
a chlorine-caustic soda production process, CPEA sug-
gested a possibility of raising the hot utility requirement
slightly by 430 kW (from 7.74 MW to 8.17 MW), while
reducing the cold utility demand considerably by 97%
(from 13 MW to 400 kW), resulting in a net reduction in
energy use.

In a petrochemical industry case study from India,
Raol”! showed that the investments in heat exchangers
made in energy recovery in an acrylic acid production
plant could be recovered in just under 4 months, Ma et
al.®% studied a butanone-toluene dewaxing process and
showed using pinch analysis that retrofitting investments
of 1.82 million RMB (Chinese Renminby) could reduce
hot utility and cold utility requirements by 30% and 32%
respectively, and save over twice of what is invested, an-
nually (in other words, a payback period of less than 6
months). These are just two of the many pinch analysis
studies which go to show that oftentimes, simple solu-
tions which do not cost a lot, yield impressive benefits, if
one can think laterally and initiate changes.

3.1.3 Food sector

Balla et al.®'! by conducting a water pinch analysis
for a sugar factory in Sudan showed that the freshwater
extraction could actually theoretically thatis be reduced
to zero, if the vapour condensate which results when the
water inherent in the sugarcane is separated from it and
then cooled, can be completely recovered and used in the
sugar production processes within the factory. Sugar pro-
duction is a water-intensive process, which of course can
also benefit from energy use optimisation, which may, at
the time of writing, not be a priority in oil-rich Sudan.
It goes without saying that an arid country like Sudan
however has to avail of all measures to reduce the water

footprint of industrial processes. Results from Balla et
al.,8" the first Sudanese case study of its ilk, hopefully
will set a trend in that water-scarce country.

3.1.4 Urban systems

3.1.4.1 Water and wastewater systems

If climate change leads to depletion of freshwater re-
sources, even as the population keeps increasing, hu-
mankind may need to turn to saltwater and brackish wa-
ter to bridge the demand-supply gap. Even if solar en-
ergy is used for desalination, there is always a possibil-
ity of recovering a substantial amount of that energy and
putting it to good use for some other process. Hou et
al.'® used thermal pinch analysis to test the possibility
of energy recovery in a solar desalination humidification-
dehumidification system and showed that a two-stage
system can accomplish 83.6% thermal energy recovery
when the temperature difference at the pinch point can
be brought down to 10C and that increasing the num-
ber of stages makes the recovery converge to 90%. Of
course, increasing the number of stages will entail ad-
ditional investments, but the marginal benefits may not
justify them. This is where a cost-benefit analysis needs
to be performed in order to maximise the net benefits.
Esfahani & Yoo!®¥ used water pinch analysis as a tool
to determine that a solar-powered reverse osmosis (RO)
desalination system which will be able to cater to the to-
tal demand for treated water in Kish Island (Iran), will
entail the installation of 92 photovoltaic panels, 11 re-
verse osmosis (RO) membranes and a desalinated water
storage tank with a capacity of 63 m®. In a study sim-
ilar to Hou et al.,®?! Kang et al.® compared the en-
ergy recovery potentials of two types of multi-stage de-
salination system (regenerative and air-extraction) using
thermal pinch analysis, varying the pinch-point temper-
ature differential the so-called Tmin and the number of
stages, and concluded that the recovery rate in the for-
mer case was better. In contrast to Hou et al.,!%?! Kang
et al.® also concluded that as the number of stages in-
creases further, beyond two, not only is the enhancement
effect weakened, but the performance also deteriorates
conspicuously.

Pinch analysis in combination with mathematical pro-
gramming enabled Li Y et al.®! to optimise wastewa-
ter treatment networks the mixing, treatment and dis-
charge of wastewater streams, and Liang et al.®®! to
show that freshwater use reduction is easily attainable in
a plant with several water-consuming processes, each re-
quiring water of a different quality (with respect to con-
centrations of specified pollutants). Kim M et al.,'®” by
using CEPA (which they refer to, more accurately, as
GHG emission pinch analysis), tested three GHG emis-
sion reduction strategies in wastewater treatment plants
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increased aeration capacity to increase biogenic CO,
emissions and reduce anaerobically-generated methane
emissions, controlled use of external carbon source
(petroleum-based ethanol, methanol etc.) in the denitri-
fication step and generation, capture and use of biogas
from anaerobic sludge digestion in lieu of fossil-fuels,
and determined that the maximum GHG emission reduc-
tion could be achieved by adopting the third alternative.

3.1.4.2 Transportation

Malaysian researchers, for reasons not known to this
reviewer, seem to be in the vanguard in the application of
pinch analysis to resource optimisation in different sec-
tors of the economy. Ramli et al.®® by applying CEPA
to analyse the transportation sector in Iskandar Malaysia,
have estimated the minimum amount of electricity that
would need to be generated in addition (on the margin,
in other words), to have electric vehicles as a part of the
road transport fleet, to meet the emission targets unveiled
by the government for 2025, as 0.25 TJ.

3.1.4.3 Solid waste management

Tan ST et al.'®! applied WAMPA or Solid Waste Man-
agement Pinch Analysis for Malaysia, with the total cost
of handling being fixed as a constraint (the ‘source’ curve
in other words, of funds to be allocated) and the various
ways of handling solid waste being represented as the
‘sink’ curve. The unit costs for the different waste han-
dling methods must be known for this analysis. While
Tan ST et al.® considered the solid waste manage-
ment budget as a constraint for Malaysia, the GHG emis-
sion target set by the government in Qingdao city, China,
forms the constraint in the WAMPA applied in Jia X et
al® The quantities of different types of solid wastes
(food waste, metals, glass, paper efc.) to be allocated
to different waste handling methods incineration, land-
filling, recycling, composting efc., are plotted on what
is analogous to the ‘sink’ or the cold composite curve in
thermal energy pinch analysis. This needs to be followed
up by an economic analysis to optimise the expenses, and
the practical obstacles like capacity constraints must be
factored in. Othman et al.®!! had applied a more ‘spe-
cialised” WAMPA to test the sustainability of landfilling
solid wastes in a Malaysian case study. In this paper, the
variable on the X-axis, is the landfill area needed.

Ho et al.,””! in a Malaysian case study focusing on
sustainable planning for solid waste management (con-
sidering a spectra of methods hierarchically from the
most desirable to the least; reduce, reuse, recycle, en-
ergy recovery and landfilling) applied to a two-decade
time-period 2015 to 2035 calculated the possible GHG
emissions reduction to be 13.5% and that of the quan-

tities of landfilled wastes to be 55%. This is achieved,
inter alia, by reducing or avoiding the landfilling of food
wastes (cause of methane emissions) and the reduction of
incineration of plastics for energy recovery. Of course, in
a truly sustainable waste management strategy, the pos-
sibility of enhancing the scope of reducing waste gen-
eration and reusing materials and products ought to be
always investigated.

3.1.5 Construction materials, rubber and paper

There are different types of energy-consuming pro-
cesses within a paper and pulp mill. Take coating for in-
stance. Li YG et al.!®? by zeroing in onto the drying sec-
tion of the coating process unit in a paper and pulp mill,
showed by using pinch analysis to explore energy recov-
ery possibilities, that the energy-saving potential could
be more than doubled from the 4.82 MW that was ex-
tant at the time of conducting the analysis to almost 10
MW, reducing the need for fresh steam in the process.
Economic feasibility or the attractiveness of the invest-
ment made is always a factor which needs to be consid-
ered when decisions regarding introduction of energy-
recovering/transferring heat exchangers and reorganising
the energy-using and energy-transporting equipment on
the shop-floor are to be made. Jabbari et al.,”*! working
on a paper-and-pulp mill case study in Iran, studied us-
ing pinch analysis to determine where a combined cool-
ing, heating and power plant could be placed in the cir-
cuit, in order to optimise the life-cycle costs of installing
and maintaining the additional equipment, by maximis-
ing the savings which would accrue by way of reducing
the expenses incurred on the purchase of energy from ex-
ternal sources. The simple payback period of 3.2 years
which they arrived at, is definitely attractive enough and
justifies an investment in energy recovery. In what may
be labelled as a focused niche review paper, Bakhtiari
et al.'® have discussed how pinch technology has been
applied in several paper and pulp mills for optimising
energy and water usage and cutting back on wastewater
generation.

Roychaudhari et al.®® have selected the cement and
the paper & pulp sectors as test beds for the application
of Financial Pinch Analysis, in which the Fund Compos-
ite Curve and the Project Composite Curve are analogous
to the Hot Composite and the Cold Composite Curves re-
spectively, in thermal energy pinch analysis. The funds,
intuitively, are the ‘sources’ which ‘empty’ themselves
into projects which are the ‘sinks’. This method, the au-
thors have shown, enables one to select a clutch of in-
dependent projects from a vast pool of available ones,
with the funding being the guiding constraint. In a re-
lated paper which followed the previous one, Roychaud-
hari & Bandopadhyay,®”! focusing on the Indian paper
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and pulp sector, have demonstrated the usefulness of fi-
nancial pinch analysis when decision-makers in industry
wish to select the best mix of projects by optimally allo-
cating the available funding among them. They have in-
troduced what they call an ‘opportunity cost-targeting al-
gorithm’, for projects aimed at energy conservation and
environmental upkeep.

3.1.6 Industrial sites in general

CEPA can be applied to process plants, industrial es-
tates, cities, regions, countries and continents. It de-
termines the best possible way to allocate reductions in
CO, emissions among the different socio-economic sec-
tors (the sources of the emissions), once the government
of a region/city/country for instance, has set a target for
itself. An economic analysis can be subsequently per-
formed in order to find out the costs of mitigation in-
curred by the sectors of the economy. While Tan et
al.®®! have used statistical data from the Philippines to
test the CEPA methodology for the entire national econ-
omy, Abdul Aziz et al.®”’ and Mohd Nawi et al.!1%%10!]
demonstrated the effectiveness of this offshoot of pinch
analysis for industrial sites in Malaysia by showing that
heat integration and the incorporation of renewable en-
ergy sources could reduce site-wide carbon emissions by
almost 100

Li BH & Chang,'%? Sun WT & Hu,"'%?! Sun L et
al.," Dimian et al'% and Bandopadhyay (2015),
though not applications per se, can be looked upon as ed-
ucational publications which students of pinch analysis
can benefit from, when they start understanding and ap-
preciating the usefulness of the technique, while Tewari
et al.l'%! provides guidelines on the use of MATLAB for
the application of pinch analysis in case studies. Inter
alia, some of the aforesaid papers explain the role played
by the least temperature difference between the hot and
cold composite curves known in pinch analysis as T,,,;,
in the design of and investment in heat exchangers. Talk-
ing of heat exchanger network design, Luo X er al.'"”]
recommended an integration of pinch analysis and by-
pass optimal heat exchanger network control, in order to
take into account the fluctuations in the operating pinch
point temperature and Tmin, which are invariably expe-
rienced, in reality.

As has been discussed by some researchers in publi-
cations referred to earlier, storage of recovered energy is
an important consideration if one needs to avail of most
of the benefits which the implementation of pinch anal-
ysis confers. Minimizing storage requirements would
obviously result in a reduction in the capital invest-
ments called for, as discussed by Chaturvedi & Bandy-
opadhyay!'®®! and Brunner et al.'®! Gadalla,!''%- 111!
in three related publications, introduced a novel graph-

ical technique which can be looked upon as an off-
shoot/aid/appendage of the conventional pinch analysis
technique. This new approach which the author recom-
mends as a user-friendly educational tool, represents the
hot and cold streams as horizontal and vertical lines in a
T-T diagram (which is different from the T-H diagram in
conventional pinch analysis).

Quite like optimisation of energy, water and material
resource needs, and reduction of GHG footprints, all in-
dustrial sites benefit from scheduling work effectively to
utilise their human resources optimally. Pinch analysis
proves to be a useful technique in this respect.!!'?! In
a paper which advises small and medium-scale indus-
tries with insufficient funds and limited resources (capi-
tal machinery and human, raw materials, access to water
and energy), Lim J et al.!''3! have applied pinch analysis
to production planning in other words to a good alloca-
tion of different resources to optimise productivity and
profitability.

3.2 Geographical origin

China tops the list with 33 publications, followed by
22 from Malaysia, 17 from India and 13 from Iran. These
four Asian countries account for close to 60% of all the
publications reviewed (including the case studies from
the developed world which were filtered out). Egypt tops
the African list with three. The developing countries (or
transition economies) with a single publication against
their names include Bhutan, Colombia, Mexico, Roma-
nia, South Africa and Sudan. Brazil figures twice, while
the Philippines is home to 7 of the publications reviewed.
Refer Appendix B, for a listing of these publications,
classified sector-wise first and country-wise within the
sectors.

4 Discussions

This section is a brief SWOT analysis of the pinch
analysis technique, based on observations of researchers
in the publications reviewed.

4.1 Strengths

In the early 1990s, Morgan'”! had stated that pinch
analysis had the potential to ‘significantly improve both
the process design and the design process’. As Figure
4 depicts, from its ‘genesis’ in the petrochemical sec-
tor and focus on thermal energy saving, pinch analysis
has diversified into several sectors of the economy and
is now being applied to optimise the use of a host of re-
sources. As Table 1 in the next section shows, offshoots
and extensions have entrenched themselves over a rela-
tively short period of time.
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Table 1. Offshoots and extensions of pinch analysis and exam-
ples of publications introducing or applying them in case studies

from the developing world

Offshoots/complements/extensions

Examples of publications

Carbon emissions pinch analysis
(CEPA) (or) Greenhouse gas
emissions pinch analysis (GGEPA)

Combined pinch and exergy analysis
(CPEA)

CPEA + Economic analysis

Electric systems cascade analysis
(ESCA)

Financial pinch analysis

Multi-dimensional pinch analysis (or)
Multi-objective pinch analysis
{Composite Quality Index}

Opportunity cost targeting algorithm

Outsourced and storage electricity
curves

Standalone hybrid power pinch
analysis (SAHPPA)

T-T graphical representation of hot
and cold composite curves, instead of
the conventional T-H diagram

Water footprint pinch analysis

Qin, et al. [72], Tan RR, et al. [98]

Farhad, et al. [26], Ataei & Yoo [27]
Asl, etal.[33]

Lee MY, et al.[38]

Roychaudhari et al. [96]

Jia X, et al. [47]

Priya, et al. [22]

Priya & Bandyopadhyay [20], [21]
{Patole, et al. [10], [17]}

Bandyopadhyay & Desai [39],
Roychaudhari & Bandopadhyay[97]

Wan Almi, et al.[37]

Ho, et al.[44], Norbu &
Bandyopadhyay[45]

Gadalla [109], [110], [111]

Tan RR. et al.[63]

(WFPA)

The use of pinch analysis to optimise the storage ca-
pacity needed for electricity generated from renewable
sources of energy like wind and solar, as shown in Ghosh
et al.1*®! is a shot in the arm for this technique, consider-
ing that the need to store electricity has often been a hur-
dle in the rapid development of renewable energy instal-
lations. Pinch analysis applied for site-wide integration
will help more and more industrial units in the future to
conceive a symbiotic network among themselves, which
proves to be beneficial to all of them. Of course, absence
of cooperation for mutual benefits, will be a hurdle to the
implementation of pinch analysis recommendations.

4.2 Weaknesses

Steinmeyer™® had expressed concern that pinch anal-
ysis, by narrowing down the focus, may miss out on
major opportunities for improvement in other words,
it may miss the wood for the trees, to cull a metaphor.
While that was over 25 years ago, things have changed
en route. However, one ought to be aware of the risk of
this weakness creeping in, if researchers tend to miss the
bigger picture. Pinch analysis, obviously, has its own set
of limitations, as Thasai & Siemanond?’! for instance
have pointed out. But that has been overcome. In order
to obtain information about possibilities of holistic en-
ergy saving both heat and work pinch analysis needs to
be combined with exergy analysis in what then becomes
CPEA. One may wish to look upon this limitation as a

weakness of pinch analysis, or as an opportunity to com-
bine it with other analysis methods to expand the scope
of the study.

4.3 Opportunities

The weakness pointed out in Steinmeyer'® has been
effectively overcome by researchers who have developed
the so-called multi-objective pinch analysis, where fo-
cus on one issue then gives away or in fact, forms the
bedrock on other issues like Patole et al.,['”1 who have
started off with a CEPA, and then extended the results
to look at the water footprint, land footprint efc. Util-
ising this opportunity will entrench pinch analysis as a
holistic sustainability analysis tool in the future. With the
reduction of GHG emissions already a priority in coun-
tries like India and China, the power of CEPA in aid-
ing decision-making!'®?*! can be harnessed to good ef-
fect. As already mentioned in the previous sub-section,
the possibility to combine pinch analysis with other tools
(like exergy analysis in CPEA), can be considered as an
opportunity.

4.4 Threats

It is worth mentioning here that thermal pinch analy-
sis, contrary to another tool called bridge analysis, does
not provide detailed information about the modifications
which need to be done to the network. This may make
some researchers prefer the latter to the former. This ob-
servation was made in a publication originating from the
developed world, but this author thought that it deserved
mention as a threat to pinch analysis.

5 Conclusions and recommendations

Only those publications which have ‘pinch analysis’
in their titles have been read and reviewed in this paper.
That of course is a key limitation, as there obviously are
pinch-analysis-based publications where the term may
appear in the Abstract and/or the Keywords, but not the
Article Title. The author is aware of this limitation but
also believe that this ‘narrowing down’ process has made
this particular paper more compact and of reasonable
length. Further, only Scopus has been availed of as the
repository of publications, on the basic premise that it
is a well-known fact that Scopus is the largest database
in vogue (encompassing over 14,000 journal titles), and
thereby there is a likelihood of most (if not all) publica-
tions related to known fields of research like pinch analy-
sis, being accessible through it. Of course, there may be
some journals and thereby publications which may tend
to get left out, but this would be a negligibly small frac-
tion. Further, on a very valid premise outlined earlier,
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only those publications focusing on case studies from
the developing world and transition economies have been
considered eventually for a more detailed critique.

Table 1 gives a brief summary of the methods which
can be considered as offshoots or complements or ex-
tensions of the traditional form of pinch analysis, with
examples of some of the publications which have in-
troduced or applied them in the case studies. The re-
sources focused on, include heat and electricity, wa-
ter (and wastewater), solid wastes, land (surface area),
storage space (volume), time, human resources (labour),
mass of resources in general, hydrogen and greenhouse
gases ( as a resource with a negative value). The socio-
economic sectors encompassed in the review include the
power sector (which clearly dominates), oil and gas, bio-
fuels, paper and pulp, chemical and petrochemical, water
supply and wastewater treatment, food and transporta-
tion.

It is worth mentioning at this juncture, that there may
be other fields of application of pinch analysis for op-
timisation of one or more of the resources depicted in
Figure 4, which may have been inadvertently left out by
the author in this review paper. It would suffice to say
that pinch analysis is well-poised, after a long learning
curve, to be applied to practically any sector of the global
economy, to optimise the consumption of any resource
material or non-material, biotic or abiotic, stock, fund or
flow.

As seen, over time, the methodology has evolved
thanks to researchers from across the world, and has been
applied to optimise the use of a range of resources in a
wide variety of industrial sectors and urban utilities. If
the focus is narrowed down to the years 2017 and 2018
for instance (and all publications from both developed
and developing countries are considered), the diversity
of applications is conspicuous breweries, transportation,
economy-wide analysis, biofuels, food, chemicals, paper
& pulp and brick (with 1 publication each); water & san-
itation, sugar and cement (2 each), and solid waste man-
agement (with 3 publications). It was in 2018 that Op-
portunity Cost Targeting Algorithm was introduced as a
pinch-analysis offshoot and a year before that, Financial
Pinch Analysis was developed and applied (Refer Table
1). Of late, multi-dimensional pinch analysis (Refer Ta-
ble 1) where several resources are optimised at the same
time - is being mooted as a powerful and effective sus-
tainability tool which holds great potential in the future.

To sum up, pinch analysis has entrenched itself along-
with many other methods environmental life-cycle anal-
ysis (E-LCA), social-LCA, material flow analysis (MFA)
and life-cycle costing analysis (LCCA) to name a few as
a powerful tool in the sustainable-development toolkit.
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