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t exchanger network (HEN) at the time when its construction is com-

prove the overall performance of the entire site, a novel retrofit design
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E  in process design due to the growing concerns about global warming and

e y configured within a single chemical plant for the purpose of maximizing

h n carried out to facilitate grassroots designs for total-site heat integration

(  et al. (2019). However, the existing process plants on an industrial park were

g ng different periods in the past and each plant has already been equipped

w ed. Also, the financial plan for allocating the total cost saving achieved via

m ch is aimed to address practical issues concerning realizable retrofit projects

f

aximum heat recovery in a single plant, i.e., Linnhoff and Hindmarsh (1983),

G nthesis strategies may be classified into two types, i.e., the sequential and

s ed in three consecutive steps. A linear program (LP) built on the basis of

t lating the minimum total utility cost. In the second step, a mixed-integer

l nimum utility cost obtained in the first step is adopted to determine the

m  detailed procedures of above two steps were documented in Papoulias and

G imal HEN structure is synthesized by solving a nonlinear programing (NLP)

m  mixed-integer nonlinear programing (MINLP) model is adopted in the latter

c  Grossmann, 1990). In general, the simultaneous approach yields a better

s tive function of the aforementioned MINLP model (Liu et al., 2018). For this

r EN retrofit in the present work.
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.  Introduction

fficient energy conservation has recently become an important issue

nvironmental pollution. The heat exchanger network (HEN) is usuall

eat recovery. During the last few years, a number of studies have bee

TSHI), e.g., Klemes (2013), Wang et al. (2015), Song et al. (2017) and Hong

enerally built to satisfy individual market demands which arose duri

ith a dedicated HEN by the time when its construction was complet

ulti-HEN retrofit has never been studied before. Therefore, this resear

or TSHI.

As  mentioned above, the HEN has traditionally been installed for m

undersen and Grossmann (1990). The available model-based HEN sy

imultaneous methods. In the former case, the HEN design is produc

ransshipment model (Bradley et al., 1977) is first formulated for calcu

inear programing (MILP) model with the embedded constraint of mi

inimum number of matches and the corresponding heat duties. The

rossmann (1983). In the final step of the sequential approach, the opt

odel (Floudas et al., 1986). On the other hand, a superstructure-based

ase for identifying the cost-optimal HEN design in one step (Yee and

olution since the total annual cost (TAC) is directly used as the objec

eason, the simultaneous approach has been adopted as the basis for H
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It has been well established that the total utility cost of more than one standalone chemical plant can usually be reduced by allowing heat

transfers across plant boundaries, e.g., see Bagajewicz and Rodera (2002), Kralj (2008) and Liew et al. (2014, 2017). In general, TSHI can be real-

ized through heat exchanges either between two process streams directly or between a process stream and an intermediate fluid indirectly. A

superstructure-based MINLP model for implementing the direct interplant heat integration was proposed in Jin et al. (2018). In contrast to the

direct heat exchange method, the indirect alternative is more practicable due to the facts that the latter are more controllable and, also, easier to

facilitate the long-distance transport between each pair of standalone plants (Wang and Feng, 2016). Laukkanen et al. (2012) presented a simultane-

ous approach for TSHI using both direct and indirect interplant heat exchanges. Chang et al. (2015, 2017) adopted the MINLP model to accomplish

TSHI using intermediate fluid circuit(s). Based on the above discussions, it is clear that the indirect interplant heat integration is in general more

practicable. Therefore, in this study, the heat exchanges between plants are assumed to be always facilitated with an intermediate fluid. It should

also be noted that, in recent years, there have been many related studies concerning this issue. Following is a brief survey. Tao et al. (2020) proposed

a synthesis method to improve the flexibility of interplant heat exchanger networks via intermediate circles. In particular, the flexibility of the

overall system was facilitated by introducing additional utility exchangers not only into inner-plant HENs but also on intermediate fluid circles. Liu

et al. (2020) constructed a multi-objective optimization framework for integrating the interplant heat exchanger networks and the shared utility

system. In this study, multiple HENs were connected by allowing process streams to produce steam and using this steam as an intermediate

fluid for cross-plant heat exchange. Tian et al. (2020a) addressed an indirect TSHI problem using a two-layer simultaneous algorithm. Specifically,

the outer layer of the algorithm utilized a differential evolution strategy to compute the temperatures of the intermediate fluid, while the inner

layer used a deterministic method to obtain its heat capacity flowrate and the HEN configuration. Finally, Boldyryev et al. (2021) also proposed a

Pinch-based approach to TSHI with intermediate utilities.

Although TSHI may result in substantial utility savings, the published studies mostly focused on minimization of total annual cost. Consequently,

the resulting integration scheme might not always be acceptable to all participating plants since the total benefit is often not distributed reasonably.

To resolve this issue, Cheng et al. (2014) proposed a sequential optimization procedure to generate a direct heat integration scheme based on

non-cooperative game theory. Chang et al. (2018) further modified the Nash-equilibrium constrained optimization method to synthesize indirect

multi-plant HENs. However, it has been well-established that applying the aforementioned sequential design strategies may not reach a true

optimum, and it should also be noted that the assumption of non-cooperative game may not be appropriate for a TSHI project.

Hiete et al. (2012) used the thermal pinch analysis for interplant heat integration and treated the aforementioned benefit sharing issue as a

cooperative game. Tan et al. (2016) presented a LP cooperative game model for optimal distribution of savings in eco-industrial parks. Jin et al.

(2018) developed a model-based two-stage procedure to generate a practical cost-sharing plan in the spirit of a cooperative game. The minimum

TAC of every multi-plant HEN was first determined with MINLP model, and the core, the Shapley values and the risk-based Shapley values of a

cooperative game were then calculated to settle the cost distribution issues. Tian et al. (2020b) in a later study extended the idea of the risk-based

Shapley value for allocating benefits in a two-plant heat integration scheme (which incorporated redundant units for safety reason), while Wang

et al. (2020) modified the same concept for indirect TSHI. Notice also that the concepts of the core solution have already been detailed in Fernandez

et al. (2002), the Shapley value has been first outlined in Shapley (1953) and the risk-based Shapley value has been described by Grabisch and Xie

(2007).

Although the benefit allocation issue can be more appropriately addressed on the basis of cooperative game, the studies mentioned above

focused on the grassroots designs only. Ciric and Floudas (1989, 1990) proposed a model-based method for determining the optimum retrofit design

of existing HEN configuration in s single plant. Yee and Grossmann (1991) proposed a superstructure-based MINLP model to handle the retrofit

design of single-plant HEN. Sorsak and Kravanja (2004) described a MINLP model for the retrofit of single-plant HENs that comprise different

exchanger types. Ponce-Ortega et al. (2008) also presented a mathematical model based on superstructure to produce the redesigned HEN that

considers the plant layout. Smith et al. (2010) applied the network pinch approach in HEN retrofit design with temperature-dependent thermal

properties. From the above discussion, it can be observed that reliable single-plant HEN retrofit methods have already been matured in the past. On

the other hand, the model-based multi-plant HEN retrofit method via direct interplant heat integration and the corresponding benefit allocation

scheme have also been developed recently by Lo et al. (2020). However, it should be noted that the indirect counterpart of this study is still missing

in the literature. Therefore, there are needs to develop retrofit strategies for TSHI via an intermediate fluid, and also to devise practicable allocation

plan to distribute the total cost saving.

2.  Superstructures  for  multi-plant  HENs

As an example, the superstructures used for two-plant HEN retrofit design via indirect interplant integration are shown in
Figs. 1a and 1b. Each plant can be regarded as either a heat source or a heat sink, and a superstructure should be built for each
of these two scenarios. Fig. 1a shows the superstructure in which plant P1 takes the source role and P2 the sink, while Fig. 1b
shows the counterpart when the source/sink roles are reversed.

In Fig. 1a, CMP1 represents the intermediate fluid which is treated as a cold stream for receiving heat from the hot process
stream(s) in P1, whereas HMP2 denotes the intermediate fluid which is viewed as hot stream for releasing heat to the cold process
stream(s) in P2. Plant P1 is equipped with two hot utilities (HPP1 and HOP1), one cold utility (CWP1), one hot process stream (H1P1),
and one cold process stream (C1P1). On the other hand, P2 has two hot utilities (HPP2 and HOP2), one cold utility (CWP2), one
hot process stream (H1P2), and one cold process stream (C1P2). The matches between process and intermediate streams in both
superstructures are gray-colored and those between hot and cold process streams within a plant are represented with uncolored
circles. Notice that the number of stages in superstructure for plant P1 should be two, and each stage contains all the possible
inner-plant matches between hot stream (H1P1) and cold streams (C1P1 and CMP1). On the other hand, the number of stages in
superstructure of plant P2 should also be two, and each stage contains all the possible inner-plant matches between hot stream
(H1P2 and HMP2) and cold streams (C1P2). In this study, the total number of stages of the overall superstructure (NOK) is set to
be the larger one of the above two numbers and, thus, should also be two. In addition, notice that an extra bypass is placed on
each process stream in every stage and also at the end of stream in order to ensure retrofit flexibility. Finally, notice that the
superstructure in Fig. 1b can be constructed in the same way as mentioned above except the roles of P1 (which is now a heat
sink) and P2 (which is now a heat source) should be reversed.
The main body of model formulations can be generated based on the proposed superstructures, while additional retrofit
constraints are imposed in this work to facilitate realization of specific retrofit strategies. Since the former formulations have
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Fig. 1a – Superstructure for two-plant HEN retrofit design via indirect interplant heat integration (P1: heat source; P2: heat
sink).

Fig. 1b – Superstructure for two-plant HEN retrofit design via indirect interplant heat integration (P1: heat sink; P2: heat
s
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lready been published elsewhere (Lo et al., 2020), they are placed in Part A of the Supplementary material to avoid repetition
nd for the sake of illustration brevity.

.  Revamp  strategies

hree retrofit strategies have been devised in this work to facilitate indirect interplant heat integration. Each differs from the
thers mainly in the reclaimed energy and in the capital investments and re-piping costs of the resulting multi-plant HEN
tructure. The design guidelines adopt in these three strategies are described below.

 Strategy I: Only new inner-plant matches between the process streams and the intermediate streams are allowed to be intro-
duced into the revamp design. The existing exchanger matches located within each plant must be kept unchanged, while the

existing cooler and heater matches can only adopt inner-plant utilities. Existing coolers and heaters may be excluded from
the revamp design if the corresponding cooling and heating duties are not required. Every inner-plant match between process
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streams should be housed in its original unit. If a larger heat-transfer area is called for, the heat exchanger can be connected
with an extra one in series to fulfil the required heat duty. For the same reason, the existing cooler or heater can also be
connected with an extra one in series to fulfil the required heat duty.

• Strategy II: Only new inner-plant matches between the process streams and the intermediate streams are allowed to be
introduced into the revamp design. The existing exchanger matches located within each plant must be kept unchanged, while
the existing cooler and heater matches can only adopt inner-plant utilities. Existing coolers and heaters may be excluded from
the revamp design if the corresponding cooling and heating duties are not required. Every inner-plant match between process
streams can be housed in either its original heat exchanger or another existing one of the same type within the same plant. If
a larger heat-transfer area is called for, the heat exchanger can be connected with an extra one in series to fulfil the required
heat duty. The existing cooler or heater can also be connected with an extra one in series to fulfil the required heat duty.

• Strategy III:  Both the new inner-plant matches between process streams and those between the process and intermediate
streams can be introduced into the revamp design, while some of the existing matches may not be utilized. Every existing
heat exchanger should be kept within the plant where it is originally located. Existing coolers and heaters may be excluded
from the revamp design if the corresponding cooling and heating duties are not required. Any inner-plant match in the revamp
design can be housed either in a purchased heat exchanger or an existing one. If a larger heat-transfer area is called for in
the latter case, the existing heat exchanger can be connected with an extra one in series to fulfil the required heat duty. The
existing cooler or heater can also be connected with an extra one in series to fulfil the required heat duty.

Since a greater financial gain can usually be reaped by solving a MINLP with more  relaxed constraints, it can be expected that
Strategy III extracts the most benefit, Strategy I the least and Strategy II yields a cost saving that lies between the above two.
However, it should be noted that selecting an appropriate strategy actually depends upon additional practical issues also, e.g.,
budget constraint, safety concerns, spatial limits, operability and controllability, etc. Finally, to facilitate illustration clarity, the
unique features of each strategy are summarized in Part B of the Supplementary material.

4.  Additional  constraints  for  generating  retrofit  designs

Other than all the constraints mentioned in Part A of the Supplementary material, it is necessary to incorporate additional ones
in the programming model for implementation of aforementioned revamp strategies. These constraints are reported below.

4.1.  Extra  constraints  needed  for  applying  Strategy  I

In addition to the sets, parameters, and variables outlined in Part A of the Supplementary material, more  are introduced below
to facilitate illustration of the proposed model formulation.

Sets:

CLMp Set of inner-plant matches between cold utilities and hot process streams in the original HEN of plant p

HTMp Set of inner-plant matches between hot utilities and cold process streams in the original HEN of plant p

Yp Set of existing inner-plant matches in the original HEN of plant p

Parameters:

AEX
ip,jp,yip,jp

Heat-transfer area of existing heat exchanger yip,jp used for housing match (ip, jp) in the original HEN of plant p

AEX
ip,np

Heat-transfer area of existing cooler used for housing match (ip, np) in the original HEN of plant p

AEX
mp,jp

Heat-transfer area of existing heater used for housing match (mp, jp) in the original HEN of plant p

LRRCjp,k Lower bound for bypass flow fraction of cold stream jp at stage k

LRRCUjp Lower bound for bypass flow fraction of cold stream jp at the end of stream

LRRHip,k Lower bound for bypass flow fraction of hot stream ip at stage k

LRRHUip Lower bound for bypass flow fraction of hot stream ip at the end of stream

LXip,jp Lower bound for heat-transfer area of the augmented unit for housing match (ip, jp) in the multi-plant HEN

LXip,nq′ Lower bound for heat-transfer area of the augmented unit for housing cooler match
(
ip, nq′

)
in the multi-plant HEN

LXmq,jp Lower bound for heat-transfer area of the augmented unit for housing heater match (mq, jp) in the multi-plant HEN

Nip,jp Total number of existing heat exchangers used for housing match (ip, jp) in the original HEN of plant p
�ip,jp A large enough constant which is not smaller than the largest heat-transfer area of the augmented unit for housing
match (ip, jp) in the multi-plant HEN
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�ip,nq′ A large enough constant which is not smaller than the largest heat-transfer area of the augmented unit for housing
cooler match

(
ip, nq′

)
in the multi-plant HEN

�mq,jp A large enough constant which is not smaller than the largest heat-transfer area of the augmented unit for housing
heater match (mq, jp) in the multi-plant HEN

Variables:

eyip,jp
ip,jp,k

Binary variable used for determining whether or not the existing heat exchanger yip,jp adopted for housing match
(ip, jp) in the original HEN of plant p can be used to house the same match at stage k of the multi-plant HEN

rzip,k Binary variable used for determining whether or not hot stream ip requires a bypass stream at stage k of the
multi-plant HEN

rzjp,k Binary variable used for determining whether or not cold stream jp requires a bypass stream at stage k of the
multi-plant HEN

rzcujp Binary variable used for determining whether or not cold stream jp requires a bypass stream for its heater in the
multi-plant HEN

rzhuip Binary variable used for determining whether or not hot stream ip requires a bypass stream for its cooler in the
multi-plant HEN

Xyip,jp
ip,jp,k

Heat-transfer area of the augmented unit of the existing heat exchanger yip,jp adopted for housing match (ip, jp) at
stage k of the multi-plant HEN

Xip,nq′ Heat-transfer area of the augmented unit of the existing cooler for housing match
(
ip, nq′

)
in the multi-plant HEN

Xmq,jp Heat-transfer area of the augmented unit of the existing heater for housing match (mq, jp) in the multi-plant HEN

�yip,jp
ip,jp,k

Binary variable used for determining whether or not the existing heat exchanger yip,jp adopted for housing match
(ip, jp) in the original HEN of plant p can be used to house the same match at stage of the multi-plant HEN by
enlarging its heat-transfer area according to Fig. 2

�ip,nq′ Binary variable used for determining whether or not the existing cooler in the original HEN of plant p can be used
to house match

(
ip, nq′

)
in the multi-plant HEN by enlarging its heat-transfer area according to Fig. 2

�mq,jp Binary variable used for determining whether or not the existing heater in the original HEN of plant p can be used
to house match (mq, jp) in the multi-plant HEN by enlarging its heat-transfer area according to Fig. 2

Firstly, to constrain the number of existing heat exchangers, coolers and heaters in the multi-plant HEN, the following
inequalities should be incorporated:

∑
k ∈ ST

�ip,jp,k ≤ Nip,jp ; ip ∈ Hp; jp ∈ Cp; (ip, jp) ∈ Yp (1)

�CUip,np ≤ 1; ip ∈ Hp; np ∈ CUp; (ip, np) ∈ CLMp (2)

�HUmp,jp ≤ 1; mp ∈ HUp; jp ∈ Cp; (mp, jp) ∈ HTMp (3)

Fig. 2 – Single-plant optimal HENs of (a) P1, (b) P2 and (c) P3.
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where, p = 1, 2, · · ·,  P. Note that the binary variables �ip,jp,k, �CU
ip,np

and �HU
mp,jp

should be set to zero if they are not associated with the

existing matches, i.e.,

�ip,jp,k = 0; ip ∈ Hp; jp ∈ Cp; (ip, jp) /∈ Yp; k ∈ ST (4)

�CUip,np = 0; ip ∈ Hp; np ∈ CUp; (ip, np) /∈ CLMp (5)

�HUmp,jp = 0; mp ∈ HUp; jp ∈ Cp; (mp, jp) /∈  HTMp (6)

Exactly one existing heat exchanger (which is originally used to house an existing match in single-plant HEN) can be used to
house the same match in a distinct stage in the multi-plant HEN, i.e.,

Nip,jp∑
yip,jp=1

eyip,jpip,jp,k
− �ip,jp,k = 0; ip ∈ Hp; jp ∈ Cp; (ip, jp) ∈ Yp; k ∈ ST (7)

∑
k ∈ ST

eyip,jpip,jp,k
= 1; ip ∈ Hp; jp ∈ Cp; (ip, jp) ∈ Yp; yip,jp = 1, 2, 3, . . ., Nip,jp (8)

Note also that if the existing heat exchangers, coolers and heaters can be adopted in the multi-plant HEN, the corresponding
heat-transfer areas should be constrained as follows:

Aip,jp,k − AEX
ip,jp,yip,jp

e
yip,jp
ip,jp,k

≥ 0;

ip ∈ Hp; jp ∈ Cp; (ip, jp) ∈ Yp; k ∈ ST;  yip,jp = 1, 2, 3, . . ., Nip,jp

(9)

Aip,np − AEXip,np �
CU
ip,np

≥ 0; ip ∈ Hp; np ∈ CUp; (ip, np) ∈ CLMp (10)

Amp,jp − AEXmp,jp �
HU
mp,jp

≥ 0; mp ∈ HUp; jp ∈ Cp; (mq, jp) ∈ HTMp (11)

The existing heat exchangers, coolers and heaters can be connected with an extra one in series to fulfil the required heat
duty according to Fig. 2. The augmented heat-transfer area (Xyip,jp

ip,jp,k
, Xip,np and Xmp,jp ) can be expressed as follows:

X
yip,jp
ip,jp,k

=
(
Aip,jp,k − AEX

ip,jp,yip,jp

)
e
yip,jp
ip,jp,k

;

ip ∈ Hp; jp ∈ Cp; (ip, jp) ∈ Yp; k ∈ ST;  yip,jp = 1, 2, 3, . . ., Nip,jp

(12)

Xip,np =
(
Aip,np − AEXip,np

)
�CUip,np ; ip ∈ Hp; np ∈ CUp; (ip, np) ∈ CLMp (13)

Xmp,jp =
(
Amp,jp − AEXmp,jp

)
�HUmp,jp ; mp ∈ HUp; jp ∈ Cp; (mp, jp) ∈ HTMp (14)

To facilitate calculation of the capital cost of augmented unit for each existing match in the multi-plant HEN, the following
logic constraints must be imposed:

X
yip,jp
ip,jp,k

− �ip,jp�
yip,jp
ip,jp,k

≤ 0;

ip ∈ Hp; jp ∈ Cp; (ip, jp) ∈ Yp; k ∈ ST;  yip,jp = 1, 2, 3, . . ., Nip,jp

(15)

Xip,np − �ip,np�ip,np ≤ 0; ip ∈ Hp; np ∈ CUp; (ip, np) ∈ CLMp (16)

Xmp,jp − �mp,jp�mp,jp ≤ 0; mp ∈ HUp; jp ∈ Cp; (mp, jp) ∈ HTMp (17)

Similarly, to facilitate calculation of the total capital cost of bypasses in the multi-plant HEN, the following logic constraints
must also be imposed:

rrhip,k − rzip,k ≤ 0; ip ∈ Hp; k ∈ ST (18)

rrhjp,k − rzjp,k ≤ 0; jp ∈ Cp; k ∈ ST (19)

rrhuip − rzhuip ≤ 0; ip ∈ Hp (20)
rrcujp − rzcujp ≤ 0; jp ∈ Cp (21)
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Also, to avoid impractically small heat-transfer area of the augmented units, the following constraints should be incorporated:

X
yip,jp
ip,jp,k

− LXip,jp�
yip,jp
ip,jp,k

≥ 0;

ip ∈ Hp; jp ∈ Cp; (ip, jp) ∈ Yp; k ∈ ST;  yip,jp = 1, 2, 3, . . .,  Nip,jp

(22)

ip,np − LXip,np�ip,np ≥ 0; ip ∈ Hp; np ∈ CUp; (ip, np) ∈ CLMp (23)

mp,jp − LXmp,jp�mp,jp ≥ 0; mp ∈ HUp; jp ∈ Cp; (mp, jp) ∈ HTMp (24)

Similarly, every impractically small bypass flow fraction should also be prohibited as follows:

rhip,k − LRRHip,krzip,k ≥ 0; ip ∈ Hp; k ∈ ST (25)

rcjp,k − LRRCjp,krzjp,k ≥ 0; jp ∈ Cp; k ∈ ST (26)

rhuip − LRRHUip rzhuip ≥ 0; ip ∈ Hp (27)

rcujp − LRRCUjp rzcujp ≥ 0; jp ∈ Cp (28)

.2.  Extra  constraints  needed  for  applying  Strategy  II

n addition to the sets, parameters, and variables defined in Part A of the Supplementary material and Subsection 4.1, more  are
iven below for illustration convenience.

Sets:

CLwpp Set of existing cooler matches (ip, np) of type wp in plant p

HTlpp Set of existing heater matches (mp, jp) of type lp in plant p

Parameters:

Lp Total number of heater types in plant p

Np Total number of existing heat exchangers in the original HEN in plant p

NwpCL Total number of existing coolers of type wp in the original HEN of plant p

NlpHT Total number of existing heaters of type lp in the original HEN of plant p

Wp Total number of cooler types in plant p

Variables:

eip,jp,yip,jp∼
i p,

∼
j p,k

Binary variable used for determining whether or not the existing heat exchanger yip,jp adopted for housing match

(ip, jp) in the original HEN of plant p can be used to house another match
(∼
i p,

∼
j p

)
at stage k of the multi-plant HEN

eip,np,wp∼
i p,

∼
np

Binary variable used for determining whether or not an existing cooler of type wp for housing match (ip, np) in the

original HEN of plant p can be used to house another cooler match
(∼
i p,

∼
np

)
in the multi-plant HEN

emp,jp,lp∼
mp,

∼
j p

Binary variable used for determining whether or not an existing heater of type lp for housing match (mp, jp) in the

original HEN of plant p can be used to house another heater match
(∼
mp,

∼
j p

)
in the multi-plant HEN

Xip,jp,yip,jp∼
i p,

∼
j p,k

Heat-transfer area of the augmented unit of the existing heat exchanger yip,jp of match (ip, jp) in the original single-

plant HEN for housing another match
(∼
i p,

∼
j p

)
at stage k of the multi-plant HEN

Xip,np,wp∼
i p,

∼
np

Heat-transfer area of the augmented unit of the existing cooler of type wp, i.e., (ip, np) ∈ CLwpp , in the original HEN

of plant p for housing another cooler match
(∼
i p,

∼
np

)
in the multi-plant HEN

Xmp,jp,lp∼
mp,

∼
j p

Heat-transfer area of the augmented unit of the existing heater of type lp, i.e., (mp, jp) ∈ HTlpp , in the original HEN

of plant p for housing another heater match
(∼
mp,

∼
j p

)
in the multi-plant HEN

�ip,jp,yip,jp∼
i p,

∼
j p,k

Binary variable used for determining whether or not the existing heat exchanger yip,jp adopted for housing match

(ip, jp) in the original HEN of plant p can be used to house another match
(∼
i p,

∼
j

)
at stage k of the multi-plant HEN
p

by enlarging its heat-transfer area according to Fig. 2
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�ip,np,wp∼
i p,

∼
np

Binary variable used for determining whether or not the existing cooler of type wp, i.e., (ip, np) ∈ CLwpp , in the

original HEN of plant p can be used to house another cooler match
(∼
i p,

∼
np

)
in the multi-plant HEN by enlarging

its heat-transfer area according to Fig. 2

�mp,jp,lp∼
mp,

∼
j p

Binary variable used for determining whether or not the existing heater of type lp, i.e., (mp, jp) ∈ HTlpp , in the original

HEN of plant p can be used to house another heater match
(∼
mp,

∼
j p

)
in the multi-plant HEN by enlarging its

heat-transfer area according to Fig. 2

First of all, to constrain the total number of existing heat exchangers in the multi-plant HEN, the following inequalities should
be imposed:

∑
(ip,jp)∈ Yp

∑
k ∈ ST

�ip,jp,k ≤ Np (29)

where, p = 1, 2, . . ., P. On the other hand, to constrain the total number of existing coolers and heaters of the same types, the
following inequalities should be used:

∑
(ip,np)∈ CLwpp

�CUip,np ≤ NwpCL ; wp = 1, 2, · · ·,  Wp (30)

∑
(mp,jp)∈ HTlpp

�HUmp,jp ≤ NlpHT ; lp = 1, 2, · · ·, Lp (31)

In addition, Eqs. (4)–(6) are still valid in the present case. Since every existing match can be housed in either its original heat
exchanger or another existing one of the same type within the same plant, the corresponding constraints should be expressed
as:

∑
(ip,jp)∈ Yp

Nip,jp∑
yip,jp=1

e
ip,jp,yip,jp

ĩp,j̃p,k
− �

ĩp,j̃p,k
= 0;

ĩp ∈ Hp; j̃p ∈ Cp;
(
ĩp, j̃p

)
∈ Yp; k ∈ ST

(32)

∑
(ip,np)∈ CL

wp
p

e
ip,np,wp

ĩp,ñp

− �CU

ĩp,ñp

= 0;

ĩp ∈ Hp; ñp ∈ CUp;
(
ĩp, ñp

)
∈ CL

wp
p ; wp = 1, 2, · · ·,  Wp

(33)

∑
(mp,jp)∈ HT

lp
p

e
mp,jp,lp

m̃p,j̃p

− �HU

m̃p,j̃p

= 0;

m̃p ∈ HUp; j̃p ∈ Cp;
(
m̃p, j̃p

)
∈ HT

lp
p ; lp = 1, 2, · · ·,  Lp

(34)

Furthermore, each existing heat exchanger should be used to house exactly one match in the multi-plant HEN, i.e.,

∑
(
ĩp,j̃p

)
∈ Yp

∑
k ∈ ST

e
ip,jp,yip,jp

ĩp,j̃p,k
= 1;

ip ∈ Hp; jp ∈ Cp; (ip, jp) ∈ Yp; yip,jp = 1, 2, · · ·,  Nip,jp

(35)

Also, if the existing units can be adopted in the multi-plant HEN, the corresponding heat-transfer areas should be constrained
as follows:

A
ĩp,j̃p,k

− AEX
ip,jp,yip,jp

e
ip,jp,yip,jp

ĩp,j̃p,k
≥ 0;

ip, ĩp ∈ Hp; jp, j̃p ∈ Cp; (ip, jp) ,
(
ĩp, j̃p

)
∈ Yp; k ∈ ST;  yip,jp = 1, 2, · · ·,  Nip,jp

(36)

A
ĩp,ñp

− AEX
ip,np

e
ip,np,wp

ĩp,ñp

≥ 0; ip, ĩp ∈ Hp; np, ñp ∈ CUp;
(ip, np) ,
(
ĩp, ñp

)
∈ CL

wp
p ; wp = 1, 2, · · ·,  Wp

(37)
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A
m̃p,j̃p

− AEX
mp,jp

e
mp,jp,lp

m̃p,j̃p

≥ 0; mp, m̃p ∈ HUp; jp, j̃p ∈ Cp;

(mp, jp) ,
(
m̃p, j̃p

)
∈ HT

lp
p ; lp = 1, 2, · · ·,  Lp

(38)

Any existing heat exchanger, cooler or and heater can be connected with an extra one in series to fulfil the required heat
uty according to Fig. 2. The corresponding augmented heat-transfer area (Xip,jp,yip,jp

ĩp,j̃p,k
, Xip,np,wp

ĩp,ñp

and Xmp,jp,lp

m̃p,j̃p

) can be expressed as

ollows:

X
ip,jp,yip,jp

ĩp,j̃p,k
=

(
A
ĩp,j̃p,k

− AEXyip,jp

)
e
ip,jp,yip,jp

ĩp,j̃p,k
;

ip, ĩp ∈ Hp; jp, j̃p ∈ Cp; (ip, jp) ,
(
ĩp, j̃p

)
∈ Yp; k ∈ ST;  yip,jp = 1, 2, · · ·, Nip,jp

(39)

X
ip,np,wp

ĩp,ñp

=
(
A
ĩp,ñp

− AEX
ip,np

)
e
ip,np,wp

ĩp,ñp

; ip, ĩp ∈ Hp; np, ñp ∈ CUp;

(ip, np) ,
(
ĩp, ñp

)
∈ CL

wp
p ; wp = 1, 2, · · ·, Wp

(40)

X
mp,jp,lp

m̃p,j̃p

=
(
A
m̃p,j̃p

− AEX
mp,jp

)
e
mp,jp,lp

m̃p,j̃p

; mp, m̃p ∈ HUp; jp, j̃p ∈ Cp;

(mp, jp) ,
(
m̃p, j̃p

)
∈ HT

lp
p ; lp = 1, 2, · · ·,  Lp

(41)

To facilitate calculation of the capital cost of augmented unit for each existing match in the multi-plant HEN, the following
ogic constraints must be imposed:

X
ip,jp,yip,jp

ĩp,j̃p,k
− �

ĩp,j̃p

�
ip,jp,yip,jp

ĩp,j̃p,k
≤ 0;

ip, ĩp ∈ Hp; jp, j̃p ∈ Cp; (ip, jp) ,
(
ĩp, j̃p

)
∈ Yp; k ∈ ST;  yip,jp = 1, 2, · · ·, Nip,jp

(42)

X
ip,np,wp

ĩp,ñp

− �
ĩp,ñp

�
ip,np,wp

ĩp,ñp

≤ 0; ip, ĩp ∈ Hp; np, ñp ∈ CUp;

(ip, np) ,
(
ĩp, ñp

)
∈ CL

wp
p ; wp = 1, 2, · · ·,  Wp

(43)

X
mp,jp,lp

m̃p,j̃p

− �
m̃p,j̃p

�
mp,jp,lp

m̃p,j̃p

≤ 0; mp, m̃p ∈ HUp; jp, j̃p ∈ Cp;

(mp, jp) ,
(
m̃p, j̃p

)
∈ HT

lp
p ; lp = 1, 2, · · ·,  Lp

(44)

Also, to avoid impractically small heat-transfer area of the augmented units, the following constraints should be incorporated:

X
ip,jp,yip,jp

ĩp,j̃p,k
− LX

ĩp,j̃p

�
ip,jp,yip,jp

ĩp,j̃p,k
≥ 0;

ip, ĩp ∈ Hp; jp, j̃p ∈ Cp; (ip, jp) ,
(
ĩp, j̃p

)
∈ Yp; k ∈ ST;  yip,jp = 1, 2, · · ·, Nip,jp

(45)

X
ip,np,wp

ĩp,ñp

− LX
ĩp,ñp

�
ip,np,wp

ĩp,ñp

≥ 0; ip, ĩp ∈ Hp; np, ñp ∈ CUp;

(ip, np) ,
(
ĩp, ñp

)
∈ CL

wp
p ; wp = 1, 2, · · ·,  Wp

(46)

X
mp,jp,lp

m̃p,j̃p

− LX
m̃p,j̃p

�
mp,jp,lp

m̃p,j̃p

≥ 0; mp, m̃p ∈ HUp; jp, j̃p ∈ Cp;

(mp, jp) ,
(
m̃p, j̃p

)
∈ HT

lp
p ; lp = 1, 2, · · ·,  Lp

(47)

Finally, notice that Eqs. (18)–(21) and (25)–(28) should also be included in the present application.

.3.  Extra  constraints  needed  for  applying  Strategy  III
n addition to the sets, parameters, and variables defined in Part A of the Supplementary material and Subsections 4.1 and 4.2,
ore are presented in the sequel for illustration clarity.



146  Chemical Engineering Research and Design 1 7 4 ( 2 0 2 1 ) 137–157
Sets:

Zp Set of all possible inner-plant matches between hot stream
∼
i p and cold stream

∼
j p in plant p

ZCLwpp Set of all possible inner-plant cooler matches between hot stream
∼
i p and cold utility

∼
np which can be housed in

coolers of type wp

ZHTlpp Set of all possible inner-plant heater matches between hot utility
∼
mp and cold stream

∼
j p which can be housed in

heaters of type lp

Variables:

u∼
i p,

∼
j p,k

Binary variable used for determining whether or not a new heat exchanger should be purchased to house inner-

plant match (
∼
i p,

∼
j p ) at stage k of the multi-plant HEN

uCU,wp∼
i p,

∼
np

Binary variable used for determining whether or not a new cooler of type wp should be purchased to house inner-

plant cooler match (
∼
i p,

∼
np ) in the multi-plant HEN

uHU,lp∼
mp,

∼
j p

Binary variable used for determining whether or not a new heater of type lp should be purchased to house inner-

plant heater match (
∼
mp,

∼
j p ) in the multi-plant HEN

In the multi-plant HEN, the total numbers of heat exchangers, coolers and heaters that are housed in existing units should
be bounded as follows

∑
(ip,jp)∈ Yp

Nip,jp∑
yip,jp=1

∑
(
ĩp,j̃p

)
∈ Zp

∑
k ∈ ST

eip,jp,yip,jp
ĩp,j̃p,k

≤ Np (48)

∑
(ip,np)∈ CLwpp

∑
(
ĩp,ñp

)
∈ ZCLwpp

eip,np,wp

ĩp,ñp
≤ NwpCL ; wp = 1, 2, · · ·,  Wp (49)

∑
(mp,jp)∈ HTlpp

∑
(
m̃p,j̃p

)
∈ ZHTlpp

emp,jp,lp

m̃p,j̃p

≤ NlpHT ; lp = 1, 2, · · ·,  Lp (50)

For housing the exchanger, cooler and heater matches in multi-plant HEN with either available or new units, the following
constraints should be adopted:

∑
(ip,jp)∈ Yp

Nip,jp∑
yip,jp=1

e
ip,jp,yip,jp

ĩp,j̃p,k
+ u

ĩp,j̃p,k
− �

ĩp,j̃p,k
= 0;

ĩp ∈ Hp; j̃p ∈ Cp;
(
ĩp, j̃p

)
∈ Zp; k ∈ ST

(51)

∑
(ip,np)∈ CL

wp
p

e
ip,np,wp

ĩp,ñp

+ u
CU,wp

ĩp,ñp

− �CU

ĩp,ñp

= 0;

ĩp ∈ Hp; ñp ∈ CUp;
(
ĩp, ñp

)
∈ ZCL

wp
p ; wp = 1, 2, · · ·,  Wp

(52)

∑
(mp,jp)∈ HT

lp
p

e
mp,jp,lp

m̃p,j̃p

+ u
HU,lp

m̃p,j̃p

− �HU

m̃p,j̃p

= 0;

m̃p ∈ HUp; j̃p ∈ Cp;
(
m̃p, j̃p

)
∈ HT

lp
p ; lp = 1, 2, · · ·,  Lp

(53)

Every existing heat exchanger should of course be used to house exactly one exchanger match in the multi-plant HEN, i.e.,

∑ ∑
eip,jp,yip,jp
˜ ˜

= 1; (ip, jp) ∈ Yp; yip,jp = 1, 2, · · ·,  Nip,jp (54)
(
ĩp,j̃p

)
∈ Zp

k ∈ ST ip,jp,k
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Also, if the existing units can be utilized in the multi-plant HEN, the corresponding heat-transfer areas should be constrained
s follows:

A
ĩp,j̃p,k

− AEX
ip,jp,yip,jp

e
ip,jp,yip,jp

ĩp,j̃p,k
≥ 0; ip, ĩp ∈ Hp; jp, j̃p ∈ Cp;

(ip, jp) ∈ Yp;
(
ĩp, j̃p

)
∈ Zp; k ∈ ST;  yip,jp = 1, 2, · · ·,  Nip,jp

(55)

A
ĩp,ñp

− AEX
ip,np

e
ip,np,wp

ĩp,ñp

≥ 0; ip, ĩp ∈ Hp; np, ñp ∈ CUp;

(ip, np) ∈ CL
wp
p ;

(
ĩp, ñp

)
∈ ZCL

wp
p ; wp = 1, 2, · · ·,  Wp

(56)

A
m̃p,j̃p

− AEX
mp,jp

e
mp,jp,lp

m̃p,j̃p

≥ 0; mp, m̃p ∈ HUp; jp, j̃p ∈ Cp;

(mp, jp) ∈ HT
lp
p ;

(
m̃p, j̃p

)
∈ ZHT

lp
p ; lp = 1, 2, · · ·,  Lp

(57)

Each existing exchanger, cooler or heater can be connected with an extra one in series to fulfil the required heat duty according
o Fig. 2. The corresponding augmented heat-transfer area (Xip,jp,yip,jp

ĩp,j̃p,k
, Xip,np,wp

ĩp,ñp

and Xmp,jp,lp

m̃p,j̃p

) can be expressed as follows:

X
ip,jp,yip,jp

ĩp,j̃p,k
=

(
A
ĩp,j̃p,k

− AEXyip,jp

)
e
ip,jp,yip,jp

ĩp,j̃p,k
; ip, ĩp ∈ Hp; jp, j̃p ∈ Cp;

(ip, jp) ∈ Yp;
(
ĩp, j̃p

)
∈ Zp; k ∈ ST;  yip,jp = 1, 2, · · ·,  Nip,jp

(58)

X
ip,np,wp

ĩp,ñp

=
(
A
ĩp,ñp

− AEX
ip,np

)
e
ip,np,wp

ĩp,ñp

; ip, ĩp ∈ Hp; np, ñp ∈ CUp;

(ip, np) ∈ CL
wp
p ;

(
ĩp, ñp

)
∈ ZCL

wp
p ; wp = 1, 2, · · ·,  Wp

(59)

X
mp,jp,lp

m̃p,j̃p

=
(
A
m̃p,j̃p

− AEX
mp,jp

)
e
mp,jp,lp

m̃p,j̃p

; mp, m̃p ∈ HUp; jp, j̃p ∈ Cp;

(mp, jp) ∈ HT
lp
p ;

(
m̃p, j̃p

)
∈ ZHT

lp
p ; lp = 1, 2, · · ·,  Lp

(60)

The presence (or absence) of an augmented unit can be determined with the binary variables in the following logic constraints:

X
yip,jp

ĩp,j̃p,k
− �

ĩp,j̃p

�
ip,jp,yip,jp

ĩp,j̃p,k
≤ 0; ip, ĩp ∈ Hp; jp, j̃p ∈ Cp;

(ip, jp) ∈ Yp;
(
ĩp, j̃p

)
∈ Zp; k ∈ ST;  yip,jp = 1, 2, · · ·,  Nip,jp

(61)

X
ip,np,wp

ĩp,ñp

− �
ĩp,ñp

�
ip,np,wp

ĩp,ñp

≤ 0; ip, ĩp ∈ Hp; np, ñp ∈ CUp;

(ip, np) ∈ CL
wp
p ;

(
ĩp, ñp

)
∈ ZCL

wp
p ; wp = 1, 2, · · ·,  Wp

(62)

X
mp,jp,lp

m̃p,j̃p

− �
m̃p,j̃p

�
mp,jp,lp

m̃p,j̃p

≤ 0; mp, m̃p ∈ HUp; jp, j̃p ∈ Cp;

(mp, jp) ∈ HT
lp
p ;

(
m̃p, j̃p

)
∈ ZHT

lp
p ; lp = 1, 2, · · ·,  Lp

(63)

In addition, to avoid using an augmented unit with impractically small heat-transfer area, the following constraints should
e incorporated:

X
yip,jp

ĩp,j̃p,k
− LX

ĩp,j̃p

�
ip,jp,yip,jp

ĩp,j̃p,k
≥ 0; ip, ĩp ∈ Hp; jp, j̃p ∈ Cp;

(ip, jp) ∈ Yp;
(
ĩp, j̃p

)
∈ Zp; k ∈ ST;  yip,jp = 1, 2, · · ·,  Nip,jp

(64)

X
ip,np,wp

ĩp,ñp

− LX
ĩp,ñp

�
ip,np,wp

ĩp,ñp

≥ 0; ip, ĩp ∈ Hp; np, ñp ∈ CUp;
(ip, np) ∈ CL
wp
p ;

(
ĩp, ñp

)
∈ ZCL

wp
p ; wp = 1, 2, · · ·,  Wp

(65)
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X
mp,jp,lp

m̃p,j̃p

− LX
m̃p,j̃p

�
mp,jp,lp

m̃p,j̃p

≥ 0; mp, m̃p ∈ HUp; jp, j̃p ∈ Cp;

(mp, jp) ∈  HT
lp
p ;

(
m̃p, j̃p

)
∈ ZHT

lp
p ; lp = 1, 2, · · ·,  Lp

(66)

Finally, notice that Eqs. (18)–(21) and (25)–(28) should also be included in the present application.

5.  Objective  functions

In this study, the total annual cost saving (TACS) achieved by transforming the single-plant HENs into a multi-plant HEN is used
as the objective function to be maximized. This function can be expressed as follows:

TACS = TUC − TUC’ − AF (ATCC + NTCC1 + NTCC2 + NTCC3 + NTCC4 + TIMC) (67)

where, TUC denotes the sum of annual utility costs of all single-plant HENs which is regarded as a given constant in the corre-
sponding MINLP models; TUC

′
denotes the total annual utility cost of the multi-plant HEN after retrofit; AF is the annualization

factor which is another given constant; ATCC is the total capital cost of all augmented units; NTCC1 denotes the total capital
cost of all new units purchased for inner-plant matches between process and intermediate streams; NTCC2 denotes the total
capital cost of all bypasses; NTCC3 denotes the total unit reassignment cost; NTCC4 denotes the total capital cost of all new units
purchased for inner-plant matches between hot and cold process streams; TIMC is the total cost of intermediate fluid. Other
than the aforementioned two constants (i.e., TUC and AF), the detailed expressions of the remaining cost models are listed in
the subsequent subsections, and, for the sake of brevity, all embedded model parameters (or cost coefficients) are first defined
below:

Parameters:

BYip Cost of a single bypass on hot stream ip

BYjp Cost of a single bypass on cold stream jp

CAhmp,jp Variable cost coefficient in the cost model of heat exchanger between hot intermediate stream hmp and cold process
stream jp

CAip,cmp Variable cost coefficient in the cost model of heat exchanger between hot process stream ip and cold intermediate
stream cmp

CAip,jp Variable cost coefficient in the cost model of heat exchanger between hot stream ip and cold stream jp

CAip,np Variable cost coefficient in the cost model of cooler between hot stream ip and cold utility np

CAmp,jp Variable cost coefficient in the cost model of heater between hot utility mp and cold stream jp

CFhmp,jp Fixed cost in the cost model of cooler between hot intermediate stream hmp and cold process stream jp

CFip,cmp Fixed cost in the cost model of heat exchanger between hot process stream ip and cold intermediate stream cmp

CFip,jp Fixed cost in the cost model of heat exchanger between hot process stream ip and cold process stream jp

CFip,np Fixed cost in the cost model of cooler between hot process stream ip and cold utility np

CFmp,jp Fixed cost in the cost model of heater between hot utility mp and cold process stream jp

CMip,jp

ĩp,j̃p

Reassignment cost for existing heat exchanger which houses match (ip, jp) in the original HEN of plant p and houses

different match
(
ĩp, j̃p

)
in the multi-plant HEN

CMip,np,wp

ĩp,ñp

Reassignment cost for existing cooler of type wp which houses match (ip, np) in the original HEN of plant p and

houses different match
(
ĩp, ñp

)
in the multi-plant HEN

CMmp,jp,lp

m̃p,j̃p

Reassignment cost for existing heater of type lp which houses match (mp, jp) in the original HEN of plant p and

houses different match
(∼
mp,

∼
j p

)
in the multi-plant HEN

CIM Cost coefficient of intermediate fluid

CQip,np Unit cost of cold utility np for cooling hot process stream ip

CQmp,jp Unit cost of hot utility mp for heating cold process stream jp
 ̌ Exponent of heat transfer areas in variable cost terms in the cost models of heat exchanger, cooler and heater
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.1.  Cost  models  utilized  for  implementation  of  Strategy  I

n the present case, the cost models in Eq. (67) can be determined according to the following formulas listed in Eqs. (68)–(74).

TUC’ =
P∑
p=1

∑
ip ∈ Hp

∑
np ∈ CUp

CQip,npqip,np

+
P∑
p=1

∑
mp ∈ HUp

∑
jp ∈ Cp

CQmp,jpqmp,jp

(68)

ATCC =
P∑
p=1

∑
(ip,jp)∈ Yp

Nip,jp∑
yip,jp=1

∑
k ∈ ST

[
CFip,jp�

yip,jp
ip,jp,k

+ CAip,jp

(
X
yip,jp
ip,jp,k

)ˇ]

+
P∑
p=1

∑
(ip,np)∈ CLMp

[
CFip,np�ip,np + CAip,np

(
Xip,np

)ˇ]

+
P∑
p=1

∑
(mp,jp)∈ HTMp

[
CFmp,jp�mp,jp + CAmp,jp

(
Xmp,jp

)ˇ]
(69)

NTCC1 =
P∑
p=1

∑
ip ∈ Hp

∑
cmp ∈ CMp

∑
k ∈ ST

[
CFip,cmp�ip,cmp,k + CAip,cmp

(
Aip,cmp,k

)ˇ]

+
P∑
p=1

∑
hmp ∈ HMp

∑
jp ∈ Cp

∑
k ∈ ST

[
CFhmp,jp �hmp,jp,k + CAhmp,jp

(
Ahmp,jp,k

)ˇ] (70)

NTCC2 =
P∑
p=1

∑
ip ∈ Hp

∑
k ∈ ST

BYip rzip,k +
P∑
p=1

∑
jp ∈ Cp

∑
k ∈ ST

BYjp rzjp,k

+
P∑
p=1

∑
ip ∈ Hp

BYip rzhuip +
P∑
p=1

∑
jp ∈ Cp

BYjp rzcujp

(71)

TCC3 = 0 (72)

TCC4 = 0 (73)

P∑ ∑

IMC =

p=1 hmp ∈ HMp

CIM · Fhmp (74)
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5.2.  Cost  models  utilized  for  implementation  of  Strategy  II

The cost models given in Subsection 5.1 are all applicable in the present case except ATCC and NTCC3. In particular, Eqs. (69) and
(72) should be replaced by the following formulas:

ATCC =
P∑
p=1

∑
(ip,jp)∈ Yp

Nip,jp∑
yip,jp=1

∑
(
ĩp,j̃p

)
∈ Yp

∑
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[
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ĩp,J̃p

�
ip,jp,yip,jp
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(
X
yip,jp
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)ˇ
⎤
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∑
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(75)

NTCC3 =
P∑
p=1

∑
(ip,jp)∈ Yp

Nip,jp∑
yip,jp=1

∑
(
ĩp, j̃p

)
∈ Yp

ĩp /= ip ∨ j̃p /= jp

∑
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ip,jp

ĩp,j̃p

e
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ĩp /= ip
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(76)
+
P∑
p=1

Lp∑
lp=1

∑
(mp,jp)∈ HT

lp
p

∑
(
m̃p, j̃p

)
∈ HT

lp
p

j̃p /= jp

CM
mp,jp,lp

m̃p,j̃p

e
mp,jp,lp

m̃p,j̃p

5.3.  Cost  models  utilized  for  implementation  of  Strategy  III

The cost models given in Subsection 5.1 are all applicable in the present scenario except ATCC,  NTCC3 and NTCC4. The corre-
sponding cost models can found below:
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ĩp,j̃p

(
X
yip,jp
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(77)
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NTCC4 =
P∑
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(79)

.  Case  studies:  maximum-saving  multi-plant  HEN  designs

s an illustrative example, let us consider three chemical plants (denoted as P1, P2 and P3), whose stream data and utility data
re given in Tables 1 and 2 respectively (Lo et al., 2020). The parameters used in the proposed models are listed below:

 Lower bounds of heat duties (LQip,jp , LQhmp,jp , LQip,cmp , LQip,np and LQmp,jp ) are all set to be: 30 kW.
 Lower bounds of flow fraction (LRHip,jp,k, LRCip,jp,k, LRCMhmp,jp,k, LRCMMip,cmp,k, LRHMip,cmp,k and LRHMMhmp,jp,k) are all set to be:

0.1.
 Lower bounds of bypass flow fraction (LRRCjp,k, LRRCUjp , LRRHip,k and LRRHUip ) are all set to be: 0.1.

 Lower bounds of heat-transfer areas for the augmented units (LXip,jp , LXip,np and LXmp,jp ) are all set to be: 1 m2.
 Heat transfer coefficients of intermediate streams (hcmp and hhmp ) are all set to be 1.5 kW/m2◦C.
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Table 1 – Stream data of illustrative example.

Plant Stream TIN (◦C) TOUT (◦C) Fcp (kW/◦C) h
(

kW/m2◦C
)

P1
H1  150 40 7.0 1.2
C1 60 140 9.0 1.6
C2 110 190 8.0 1.0

P2

H1 200 70 5.5 1.5
C1 30 110 3.5 1.1
C2 140 190 7.5 1.2

P3
H1 370 150 3.0 1.4
H2 200 40 5.5 1.1
C1 110 360 4.5 1.3

Table 2 – Utility data of illustrative example.

Plant Utility TIN (◦C) TOUT (◦C) h
(

kW/m2 ·◦ C
)

CQ
(

$/kW · yr
)

P1

Cooling water 25 30 1.2 200
LP steam 200 200 1.5 375
MP steam 250 250 1.8 575
HP steam 300 300 2.3 775
Hot oil 500 475 1.8 900

P2

Cooling water 25 30 1.2 250
LP steam 200 200 1.5 400
MP steam 250 250 1.8 600
HP steam 300 300 2.3 800
Hot oil 500 475 1.8 1000

P3

Cooling water 25 30 1.2 150
LP steam 200 200 1.5 350
MP steam 250 250 1.8 550
HP steam 300 300 2.3 750
Hot oil 500  475 1.8 850
• Based on an operation horizon of 10 years and a yearly interest rate of 5.85 %, an annualization factor (af ) of 0.1349 is adopted
in this study.

• The exponent of area in the variable cost term (ˇ) is 0.83.
• The variable cost coefficients of the heat exchangers (CAip,jp , CAhmp,jp and CAip,cmp ) and those of coolers (CAip,np ) are all set to

be: 380 $/m1.66; The variable cost coefficients of heaters (CAmp,jp ) are all set to be: 700 $/m1·66.
• The fixed costs of inner-plant units (CFip,jp , CFip,np and CFmp,jp ) are all assumed to be: 10000 $. The fixed costs of inner-plant

units (CFhmp,jp and CFip,cmp ) are all assumed to be 15000 $.
• The re-piping cost of every bypass (BYip and BYjp ) is 500 $.
• The reassignment cost for existing units (CMip,jp

ĩp,j̃p

, CMip,np,wp

ĩp,ñp

and CMmp,jp,lp

m̃p,j̃p

) are all set to be: 2000 $.

• The cost coefficient of intermediate fluid (CIM) is set to be 10000 $ ·◦ C/kW.

The existing single-plant HENs are presented in Fig. 2. The minimum TACs of these HENs were found to be 316,565 $/year (P1),
56,294 $/year (P2) and 287,769 $/year (P3). Finally, it should be noted that the optimal solutions presented in the sequel were all
obtained with solver BARON in GAMS 27.3 on a personal computer (Intel Core i7 6700; 16 G).

6.1.  Multi-plant  retrofit  designs  obtained  by  applying  Strategy  I

The proposed MINLP model can then be constructed according to the formulations described in Part A of the Supplementary
material, and Subsections 4.1 and 5.1.

The optimal retrofit designs of multi-plant HENs for all possible coalitions can be generated by solving the proposed models.
Fig. 3 is an example of various HEN structures generated with Strategy I, which shows the indirect interplant heat integration
scheme obtained by revamping the single-plant HENs of P1, P2 and P3 (P1: heat sink; P2: heat source; P3: heat source). Notice also
that the inner-plant matches between process streams, which are housed in the existing heat exchangers, are represented with
vertically connected circles between streams without color background. The inner-plant matches that require augmented units
are indicated with double circles, while the others are marked with single circles. The matches between process and intermediate
streams, which are housed in the purchased new heat exchangers, are represented with vertically connected gray circles.

The total annual cost savings (TACSs) achieved by multi-plant retrofit designs for all possible coalitions are given in Table 3. It
can be found that, when plant P1 is treated as heat sink and P2 and P3 heat sources, the greatest financial gain can be obtained
for the three-plant coalition (see case 3). For the sake of completeness, the various costs and cost savings of multi-plant retrofit
designs and the detailed assignments of new units are listed in Table C1 and Table C2 in Supplementary material, respectively.
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Fig. 3 – Indirect interplant heat integration scheme obtained by revamping the single-plant HENs of P1, P2 and P3 with
Strategy I and Strategy II (P1: heat sink; P2: heat source; P3 : heat source).

Table 3 – TACs achieved for all indirect HEN integration cases with Strategy I.

Coalition Case P1 P2 P3 TACS
(

$/yr
)

{P1, P2} Case  1 Sink Source − 53, 876
Case 2 Source Sink − 0

{P1, P3} Case  1 Sink − Source 138,  019
Case 2 Source − Sink 0

{P2, P3} Case  1 − Sink Source 15, 669
Case 2 − Source Sink 0

{P1, P2, P3}

Case 1 Sink Sink Source 138,  019
Case 2 Sink Source Sink 53, 876
Case 3 Sink  Source Source 176,  702
Case 4 Source Sink Sink 0
Case 5 Source Sink Source 15, 669
Case 6 Source Source Sink 0
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Table 4 – TACs achieved for all integration schemes with Strategy II.

Coalition Case P1 P2 P3 TACS
(

$/yr
)

{P1, P2} Case  1 Sink Source − 53, 876
Case 2 Source Sink − 0

{P1, P3} Case  1 Sink − Source 139,  834
Case 2 Source −  Sink 0

{P2, P3} Case  1 −  Sink Source 15, 669
Case 2 − Source Sink 0

{P1, P2, P3}

Case 1 Sink Sink Source 139,  834
Case 2 Sink Source Sink 53, 876
Case 3 Sink Source Source 176,  702
Case 4 Source Sink Sink 0
Case 5 Source Sink Source 15, 669
Case 6 Source Source Sink 0

Table 5 – TACs achieved for all integration schemes with Strategy III.

Coalition Case P1 P2 P3 TACS
(

$/yr
)

{P1, P2} Case  1 Sink Source − 53876
Case 2 Source Sink − 0

{P1, P3} Case  1 Sink − Source 140,  159
Case 2 Source − Sink 0

{P2, P3} Case  1 − Sink Source 15, 669
Case 2 − Source Sink 0

{P1, P2, P3}

Case 1 Sink Sink Source 140,  159
Case 2 Sink Source Sink 53, 876
Case 3 Sink Source Source 178,  702
Case 4 Source Sink Sink 0
Case 5 Source Sink Source 15, 669
Case 6 Source Source Sink 0
6.2.  Multi-plant  retrofit  designs  obtained  by  applying  Strategy  II

Next, a MINLP model can be constructed according to the formulations described in Part A of the Supplementary material, and
Subsections 4.2 and 5.2. The corresponding optimization results are shown in Fig. 3 and Table 4. Fig. 3 is also an example of
various HEN structures generated in the present case, which shows the indirect interplant heat integration scheme obtained by
revamping the single-plant HENs of P1, P2 and P3 with Strategy II (P1: heat sink; P2: heat source; P3: heat source). The symbols
used in this figure follow exactly the same conventions described previously in Subsection 6.1. Notice from Table 4 that the
revamped HEN in case 3 of three-plant coalition {P1, P2, P3} (when plant P1 is viewed as heat sink and plants P2 and P3 heat
sources) yields the greatest cost saving, whose value is the same as that of its counterpart in Table 3.

For the sake of completeness, additional results are provided in Part C of Supplementary material. The costs of multi-plant
retrofit designs and the corresponding cost savings are detailed in Table C3. Table C4 shows the assignments of new units,
while Table C5 shows the arrangements of existing units in multi-plant HEN for different coalitions. Since Strategy II allows
reassignment of every existing heat exchanger, cooler and heater to any existing match of the same type within the same plant,
greater TACSs may be achieved when compared with Strategy I. For example, the TACS of two-plant HEN for coalition {P1, P3}
obtained by Strategy II is greater than that obtained by Strategy I.

6.3.  Multi-plant  retrofit  designs  obtained  by  applying  Strategy  III

The MINLP model in this case can be constructed by combining the formulations proposed in Part A of the Supplementary
material, and Subsections 4.3 and 5.3. The corresponding optimization results can be found in Fig. 4 and Table 5. Fig. 4 is an
example of various HEN structures generated in the present case, which shows the indirect interplant heat integration scheme
obtained by revamping the single-plant HENs of P1, P2 and P3 with Strategy III (P1: heat sink; P2: heat source; P3: heat source). The
symbols used in this figure follow the same conventions described previously in Subsection 6.1. In addition, the new inner-plant
matches between hot and cold process streams, which are housed in the new purchased units, are represented with vertically
connected green circles. It can be found from Table 5 that, when plant P1 is regarded as heat sink and plants P2 and P3 heat
source, the greatest financial gain can be obtained for three-plant coalition (see case 3).

For the sake of completeness, additional results are also provided in Part C of Supplementary material. The costs of multi-
plant retrofit designs and the corresponding cost savings are detailed in Table C6. Table C7 shows the assignments of new units,
while Table C8 shows the arrangements of existing units in multi-plant HEN for different coalitions. Since every existing unit is
allowed to house any inner-plant match of the same type within the same plant and the inner-plant matches between hot and
cold process streams can also be housed in new purchased units, greater TAC savings may be achieved when compared with the
previous two strategies. For example, the maximum TACS of two-plant HEN achieved by coalition {P1, P3} obtained by Strategy III

is greater than that obtained by Strategy II (see Tables 4 and 5). Let us next consider another example, i.e., three-plant coalition
{P1, P2, P3},  for the further discussion. Notice from Table C7 that the existing match (H1P1, C1P1) is housed in new purchased
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Fig. 4 – Indirect interplant heat integration scheme obtained by revamping the single-plant HENs of P1, P2 and P3 with
S
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trategy III (P1: heat sink; P2: heat source; P3: heat source).

eat exchanger, while the existing heat exchanger in the original HEN of plant P1 houses the other match (H1P1, C2P1) in this
ulti-plant HEN retrofit design. This practice contributes to the cost saving of additional augmented units and the additional

ACS when the present design is compared with its counterpart obtained with the previous strategy (see Table C3 and Table C6).

.  Case  studies:  benefit  allocation  plans

he above cost-optimal retrofit design of multi-plant HEN clearly lacks a benefit allocation plan. Only the maximum total saving of
he entire system is determined by solving the aforementioned MINLP model, while the practical issues of distributing this TACS
re not addressed at all. In the present work, this allocation problem is viewed as a cooperative game and all players of the game
orm a coalition. Typically, the core and Shapley values are used to characterize the reasonable and fair solution(s) for distributing
he financial benefit within the coalition (Branzei et al., 2008). The core depicts the feasible region for an allocation scheme to
e stable based on the principles of individual rationality, group rationality, coalition rationality and no cross subsidization. The
hapley values, on the other hand, determine the proportions of TACS that the participating plants (or players) can obtain. For
he sake of completeness, a brief summary of the above two concepts are provided in part D of the Supplementary material.
ince further discussions of the above materials can also be found in a companion paper published just recently (Lo et al., 2020),

he Shapley values for the three-plant example described in the previous section are presented directly in the sequel without
etailed computation steps simply for the sake of brevity.
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7.1.  Allocation  plans  for  retrofit  designs  obtained  with  Strategy  I

Firstly, the Shapley values for the present example can be generated by substituting the TACSs obtained for all possible coali-
tions. For the three-plant coalition {P1, P2, P3}, the allocated benefits were found to be 85,660 $/yr, 24,486 $/yr and 66,557 $/yr,
respectively. The corresponding core and Shapley value have been plotted in a 2-D plot together. Since the Shapley-value mark
is located inside the core, it can be deduced that the coalition is stable.

7.2.  Allocation  plans  for  retrofit  designs  obtained  with  Strategy  II

The Shapley values for the present case, which can be determined on the basis of TACSs of all possible coalitions, can also be
calculated according to the computation procedure given in Part D in the Supplementary material. The allocated benefits for
the three-plant coalition {P1, P2, P3} can be determined to be 85,963 $/yr, 23,880 $/yr and 66,859 $/yr, respectively. A plot of the
core and Shapley value also reveals that the allocation scheme is rational enough so as to maintain the stability of cooperative
coalition.

7.3.  Allocation  plans  for  retrofit  designs  obtained  with  Strategy  III

The Shapley values for the three-plant coalition {P1, P2, P3} in the present scenario were found to be 86,683 $/yr, 24,438 $/yr and
67,580 $/yr, respectively. This coalition is also believed to be stable based on the corresponding plots of Shapley values and core.

8.  Conclusions

A rigorous procedure for generating multi-plant HEN retrofit designs via intermediate fluid(s) and the corresponding benefit
allocation plans is presented in this paper. Several conclusions can be drawn and they are listed below:

• The proposed MINLP models can be systematically constructed for synthesizing the TSHI retrofit designs which are both energy
and cost efficient.

• Indirect interplant heat integration approaches, which are applied in the multi-plant HEN retrofit designs, are demonstrated
to be feasible in the illustrative three-plant example.

• The fair and reasonable benefit allocation schemes can be obtained according to conventional Shapley values and verified by
core test.

• It can also be deduced from the results of the presented example that the proposed design strategy is clearly practicable in
any other realistic environment.
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