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ABSTRACT

Since the conventional design strategies for interplant heat integration usually focused upon minimi-
zation of the overall utility cost, the optimal solutions may not be implementable due to the additional
need to distribute the financial benefits “fairly.” To resolve this profit sharing issue, a Nash-equilibrium
constrained optimization strategy has already been developed to sequentially synthesize heat exchanger
networks (HENSs) that facilitate direct heat transfers across plant boundaries. Although this available
approach is thermodynamically viable, the resulting network may be highly coupled and therefore
inoperable. To address the operability issues in any multi-plant HEN, the present study aims to modify
the aforementioned strategy by considering only indirect interplant heat-exchange options. Two separate
sets of mathematical programming models are developed in this work for generating the total-site heat
integration schemes with the available utilities and an extra intermediate fluid, respectively. The
negotiation powers of the participating plants are also considered for reasonably distributing the utility
cost savings and also shouldering the capital cost hikes. Finally, extensive case studies are presented to
demonstrate the effectiveness of the proposed procedures and to compare the pros and cons of these two

indirect heat-exchange alternatives.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

The total operating cost of almost every chemical plant can be
largely attributed to the needs for heating and cooling utilities. The
heat exchanger network (HEN) embedded in a chemical process is
usually configured for the purpose of minimizing the utility con-
sumption rates. A HEN design is traditionally produced with either
a simultaneous optimization strategy [1] or a stepwise procedure
for determining the minimum utility consumption rates and the
minimum match number first [2] and then the network structure
[3]. The former usually yields a better trade-off between utility and
capital costs, but the computational effort required for solving the
corresponding mixed-integer nonlinear programming (MINLP)
model can be overwhelming. On the other hand, although only
suboptimal solutions can be obtained in the latter case, imple-
menting a stepwise method is much easier. For this very reason, a
sequential approach is often adopted to configure the inner-plant
heat-exchange networks in three steps. In the first two steps, a
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linear program (LP) and a mixed-integer linear program (MILP) are
solved respectively to determine the minimum total utility cost and
to identify the minimum number of matches and their heat duties
[2]. A nonlinear programming (NLP) model is then solved in the
final step for synthesizing the cost-optimal network [3].

Driven by the belief that significant extra benefit can be reaped
by expanding the feasible region of any optimization problem, a
number of studies have been carried out to develop various inter-
plant heat integration schemes, e.g., see Bagajewicz and Rodera [4]
and Anita [5] and Liew et al. [6]. The available synthesis methods for
total site heat integration (TSHI) can be classified into three kinds:
the insight-based pinch analysis [7], the model-based methods [8]
and the hybrid methods [6], while the required interplant energy
flows may be either realized with direct heat exchanges between
process streams or facilitated indirectly with the extraneous fluids
[9].

The main advantages of insight-based pinch analysis can be
attributed to its target setting strategy and flexible design steps.
Matsuda et al. [10] applied the area-wide pinch technology which
incorporated the R-curve analysis and site-source-sink-profile
analysis to TSHI of Kashima industrial area. For the fluctuating
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renewable energy supply, Liew et al. [11] proposed the graphical
targeting procedures based on the time slices to handle the energy
supply/demand variability in TSHI. In addition, a retrofit framework
was proposed by the same research group [12] and the framework
showed that energy retrofit projects should be approached from
the total-site context first. Furthermore, Tarighaleslami et al. [13]
developed a new improved TSHI method in order to address the
non-isothermal utilities targeting issues.

On the other hand, the model-based methods are more rigorous
and thus better equipped to identify the true optimum. Zhang et al.
[14] proposed to use a superstructure for building a MINLP model to
synthesize multi-plant HEN designs. Chang et al. [8] presented a
simultaneous optimization methodology for interplant heat inte-
gration using the intermediate fluid circle(s). Wang et al. [9]
adopted a hybrid approach for the same problems. The perfor-
mances for heat integration across plant boundaries using direct,
indirect and combined methods were analyzed and compared
through composite curves, while the mathematical programming
models were adopted to determine the optimal conditions of direct
and/or indirect options [9].

As indicated in Cheng et al. [15], the aforementioned interplant
heat integration arrangements were often not implementable in
practice due to the fact that the profit margin might be unaccept-
able to one or more participating party. This drawback can be pri-
marily attributed to the conventional HEN design objective, i.e.,
minimization of overall energy cost. Thus, the key to a successful
interplant heat integration scheme should be to allow every plant
to maximize its own benefit while striving for the largest overall
saving at the same time. To address this benefit distribution issue, a
game-theory based sequential optimization strategy has been
developed by Cheng et al. [15] to generate the “fair” interplant
integration schemes via direct heat exchanges between the hot and
cold process streams across plant boundaries. In addition to a
lighter computation load, this approach is justified by the fact that
the game theoretic models can be more naturally incorporated into
a step-by-step design practice when the same type of decision
variables are evaluated one-at-a-time on a consistent basis. To be
specific, let us consider their modeling strategy in more detail. After
determining the global minimum of total utility cost with the LP
model used in the first step of the conventional approach, a NLP
model was then constructed for identifying the acceptable inter-
plant heat flows in the given system. Since the commodities to be
traded were energies of different grades, this model was formu-
lated as a nonzero-sum matrix game, in which each game strategy
was the fraction of heat flow entering/leaving a distinct tempera-
ture interval. On the basis of this conceptual analogy, the Nash
equilibrium constraints [16] were imposed in the NLP model for
solving the game while keeping the overall utility cost at minimum.
It should be noted that, although Hiete et al. [17] also treated the
benefit-sharing plan for interplant heat integration as a cooperative
game, this alternative approach is less rigorous due to the re-
quirements of heuristic manipulations. Finally, note that the game
theory has been adopted in various other interplant resource
integration applications, e.g., water network designs [18], supply/
value chain optimization [19], and multi-actor distributed pro-
cessing systems [20].

Other than the profit-allocation concerns mentioned above, it is
also of critical importance to examine the viable means for facili-
tating the desired energy flows among plants in practice. In prin-
ciple, these flows can be materialized via heat exchange(s) either
directly between hot and cold process streams located in different
plants or indirectly between the process streams and an interme-
diate fluid (or the heating and cooling utilities). Although the direct
heat exchanges are thermodynamically more efficient than their
indirect counterparts, the resulting highly-coupled interplant HEN

may pose a control problem in the industrial environment. On the
other hand, since the indirect heat integration is facilitated with the
auxiliary streams (i.e., steam, cooling water and/or hot oil) that do
not take part in any production process, a greater degree of oper-
ational flexibility can be achieved [21] and, thus, should be regar-
ded as a more practical alternative.

It should be noted that Cheng et al. [7] considered only the
impractical direct heat transfers in their studies and, also, ignored
the negotiation powers of the participating plants in their models
for allocating the cost savings. To improve the practical feasibility of
interplant heat integration projects, the present study aims to
modify their sequential optimization approach by replacing the
direct interplant heat-transfer options with indirect ones. In addi-
tion to the advantage of better operability, the resulting HEN design
should also be more acceptable to all players of the game because,
on the basis of their respective negotiation powers [11] and the
Nash equilibrium constraints [8], the utility cost savings and capital
cost increases can both be reasonably distributed among all
participating members. Extensive case studies are also presented in
this paper to illustrate the proposed procedures and to compare the
pros and cons of different indirect heat-exchange alternatives.

Finally, on the basis of the above discussion, the novel contri-
butions of this work can be briefly summarized as follows:

@ The profit-allocation concerns in interplant heat integration
schemes are addressed systematically with the game theo-
retic models.

® The more viable means of indirect heat exchanges between
the process streams and an intermediate fluid (or the heating
and cooling utilities) are considered to facilitate interplant
heat flows in practical applications.

® A modified version of the sequential HEN synthesis approach
is proposed to incorporate the negotiation powers of the
participating plants for allocating their cost savings and, also,
to reduce the computation effort to a reasonable level.

2. Sequential optimization procedure

For the sake of illustration clarity, let us briefly review the
sequential optimization procedure suggested by Cheng et al. [7]:

i. On the basis of given process data, the minimum acceptable
total utility cost of the entire industrial park is determined
with a linear program (LP).

ii. By incorporating the constraints of minimum acceptable
overall utility cost obtained in step i and also the Nash
equilibrium in a nonlinear program (NLP), the heat flows
between every pair of plants on site and also their fair trade
prices can be calculated accordingly.

iii. By fixing the interplant heat-flow patterns determined in
step ii, the minimum total number of both inner- and inter-
plant matches and the corresponding heat duties can be
determined with a mixed-integer linear programming
(MILP) model.

iv. After constructing a superstructure to facilitate the matches
identified in step iii, a nonlinear programming (NLP) model
can be formulated to generate the HEN configuration that
optimally distributes the total annual cost (TAC) savings
among all plants.

This study basically follows the same procedure, while each step
is modified for synthesizing the indirect interplant heat integration
schemes.
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3. Indirect integration via heating and cooling utilities
(procedure I)

3.1. Step I;: determine the minimum total utility cost

If the interplant heat flows can be facilitated only with the
heating and cooling utilities, it is necessary to modify the conven-
tional transshipment model [2] for calculating the minimum total
utility cost. To facilitate model construction with the standard
approach, the entire temperature range should be first partitioned
into K intervals according to the initial and target temperatures of
all hot and cold streams. Starting from the high temperature end,
these intervals are labelled sequentially as k = 1,2, -+, K.

Let us assume that a total of P plants take part in the interplant
heat integration project and they are labelled as p=1,2,---,P.
Fig. 1 shows the interior and exterior heat-flow patterns of interval
k in plant p (p#qand p+#q’), and the modified transshipment
model can be formulated accordingly as follows:

P
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where, Q{" « is @ model parameter which is used to represent the
P

heat released by hot stream i, in temperature interval k, ijk is

another model parameter which is used to represent the heat
absorbed by cold stream jp, in temperature interval k, ¢y, and ¢y,
are model parameters used to denote the unit costs of hot utility m,
and cold utility np, respectively, in plant p. Notice also that all other
symbols in Equations (1)—(9) are nonnegative variables and they
are defined in the Nomenclature section for the sake of brevity.

3.2. Step I;;: set the optimal trade prices

3.2.1. Payoff matrices and strategy vectors

The payoff matrices (denoted as Ay and p=1,2,---,P) in the
present applications are essentially the same as those used in
Cheng et al. [7], while the strategy vectors are more constrained.
For illustration clarity, the general structure of the payoff matrices
is given below:

(2)
P
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Fig. 1. Interior and exterior heat-flow patterns of interval k in plantp with utility-facilitated interplant heat exchanges.
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Ap = [Apq,|Ap.g; |- |Apay] (10)

where, N=P-1, ¢;e{1,2,---,p—1,p+1,---,P}andi=1,2, -,
N. Note that each submatrix of A, can be explicitly expressed as

Payof fPU4U  payof fPUail NA NA

A _ | PayoffPtaV  payoffPtat NA NA
pai = NA NA Payoff%UpU  payoffaitrV
NA NA Payof f4UPL  payof faitPL

(11)

Note that each element in this submatrix is used to represent
the payoff received by plant p per unit heat transferred from plant p
to plant g; or vice versa, while the direction of every feasible heat
flow and its source and sink temperatures in relation to their
respective pinch points are denoted in the superscript. For example,
payoff PU4L represents the payoff for transferring a unit of heat from
above the pinch in plant p to below the pinch in plant g;. Note also
that the entry NA means that the corresponding heat transfer is not
allowed since in this case both plants are chosen to be the sources
(or sinks). For the other heat flows, the payoffs can be computed
according to the following formulas:

PayofprCIiU _ —CII;IU _ CfrZQiU

Ugl _ _(HU _ ~pUgl
Payof fPY9% = —CJ° — Cpy (122)
Payofprq"U _ +C§U _ Cerdqu

, LqL

PayoffPtat = +cgU — P 7
Payof fPU = cHU 4. caiPY
Payoff4lPV = .cHU 4 cipY
Payof faVPt = —cSU 4 caiPPt
Payofft?t = —c5U + caitpt

(12b)

In the first terms on the right sides of the above equations, CEU
and Cgu respectively denote the lowest possible unit costs of
heating and cooling utilities in plant p, and both should be positive
constants. Note that the sign in front of C}/V or CjU is determined
according to the heat flow direction and the pinch location in plant
p. Let us consider the first two formulas in Equation (12a) as ex-
amples. In particular, payoff PY4%U and payoff PU%L represent the
payoffs of transferring a unit of heat from above the pinch in plant p
to above and below the pinch in plant g; respectively. Since the
subsystem above the pinch in any process should be considered as a
net heat sink, extra heating utility must be consumed by plant p to
facilitate either heat flow. Therefore, fC;,"” should be used in these
two scenarios to represent the negative contributions to the cor-
responding payoffs received by plant p. On the other hand, since
the 3rd and 4th scenarios in Equation (12a) are concerned with heat
flows from below the pinch in plant p to above and below the pinch
in plant g; respectively, both imply that less cooling utility is needed
by the subsystem below the pinch (which is a net heat source) in
plant p. Consequently, +C§U should be used in these two cases to
represent the positive contributions to the payoffs of plant p.

The second term of every formula in Equations (12a) And (12b)
is the unit trade price of the corresponding heat flow and it is a real-
valued variable in the present step. For the sake of formulation
consistency, the direction of cash flow is always assigned to be that
of the corresponding heat flow. As a result of this model conven-
tion, a minus sign is placed in the second term on the right side of
each of the first four equations since in these cases plant p pays a
fee for delivering heat to plant g;. Note that the trade prices are

treated as variables in this work. A positive price reveals that cash
and heat moving toward the same direction, while a negative one
denotes otherwise. Since any interplant heat flow simultaneously
alters the utility consumptions rates at the source and sink ends,
the trade price of this exchange must be bounded by the corre-
sponding utility costs as follows:

HU ~HU pUq;U : HU ~HU
—max(Cp 7qu>§Ctrd g—mm(Cp C )

’ T qi
_ CHU pUqiL CU
Cp = Ctrd = +qu

13a)
-HU pLqiU CcU (
—Cg <Cpg <+G

; CcU ~CU pLaiL CU ~CU
+m1n<Cp ,qu ) < Crrd < +max(Cp ,qu )

HU (~HU q:UpU ; HU ~HU

—max (i, V) < ¢iPY < —min (Y, V)

HU qiUpL CU
G =Gy < HG (13b)

HU qiLpU CU

_Cp < Ctrd < +qu .
io(cCU ~CU qiLp CU ~CU

+m1n<qu ,Cp ) <Chd < +max(qu ,Cp )

The more detailed analysis of these inequality constraints can be
found in Cheng et al. [6]. On the other hand, the constrained
strategy vectors should be determined according to the following
interplant heat-exchange rates:

QHUIP = > > Qujk (14)

“q ; P
my eSk JPECk

QCUIP = >~ > Qink (15)

. i P
ipeH, WEW;

QHUﬁ,q = Z Z Qmp-jq-k (16)

je€CY mpeS‘ﬁ

QU= > > Qink (17)

q . P
ngeWw; i,eH,

where, QHU,‘Z”j denotes the total heat-exchange rate between all
heating utilities in plant g and all cold streams in interval k of plant
D, QCU,‘(”’ denotes the total heat-exchange rate between all hot
streams in interval k of plant g and all cold utilities in plant
D, QHUf:’q denotes the total heat-exchange rate between all heat-
ing utilities in plant p and all cold streams in interval k of plant
q, QCUﬁ’q denotes the total heat-exchange rate between all hot
streams in interval k of plant p and all cold utilities in plant g. In
order to keep the total utility cost at the minimum level determined
in step [;, these utility-facilitated interplant heat flows should
remain unchanged in the present step. As a result, it is only
necessary to determine their trade prices.

As mentioned before, four different types of heat exchanges may
be selected by plant p and each can be uniquely characterized on
the basis of pinch location and the corresponding interplant heat-
flow direction. A game strategy in this work can be taken as the
ratio between the total amount of a particular type of heat ex-
changes and that of all possible heat flows in and out of plant p.
Specifically,



94 H.-H. Chang et al. / Energy 148 (2018) 90—111

P
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where, Eg and EIL, denote the sets of temperature intervals above
and below the pinch in plant p, respectively, and ElﬁL,’r‘nEI[L7 = @. The
total volume of energy traffic in and out of plant p should be

K P
QF=>" > (QHUPT+QCUPT+ QHUJP +QCUf”)  (19)

k=1 q=1,g#p

Thus, the strategy vector of plant p can be written as

T
— [PRYC PRI PRY' PRY | (20)

3.2.2. Trade prices under Nash equilibrium constraints

The multi-player Nash equilibrium constraints were formulated
explicitly by Quintas [22] and they are directly adopted in the
present application. Specifically,

')
q=1,q#p
P
> ApgXg < @)y (22)
q=1,9#p
XpJp =1 (23)
P Uq'U
phh== > |G
q=14#p keEl’,’nE“J’,
Lcplau

=01 111 (24)
Xp >0 (25)
where, p=1,2,---P,q=1,2,--p—1,p+1,---P,ap is the

average total payoff received by plant p, Ayq is the payoff submatrix
defined in Equation (11); X, and X4 denote the strategy vectors of
plant p and plant g respectively, which can be determined ac-
cording to Equations (18)—(20).

The following objective function is maximized in a NLP model
for setting the proper trade prices in Equation (12):

P @p
mapr;[1 (SI‘,’) (26)

where, wp and Sg respectively denote the negotiation power and
the total saving of utility cost of plant p They can be computed as
follows:

Z

@p = =2 (27)
Zp

Sp =Zp—Z,+Dfy (28)

where, Z, is the minimum total utility cost of a standalone HEN in
plant p, ZI’, denotes the minimum total utility cost of plant p ach-
ieved with interplant heat integration; pf, is the total revenue
received by plant p via energy trades. The minimum total utility
cost of plant p in an interplant heat integration scheme (Z‘/,) can be
determined by solving Equations (1)—(9), while in a standalone
HEN this cost (Z,) can be calculated with the conventional trans-
shipment model [2]. Note that the negotiation power of plant p is
clearly weakened/strengthened by lowering/raising wp. In other
words, if step [; results in significant differences in the utility cost
savings, they are moderated in the present step by stipulating
proper energy trade prices to maximize the objective function in
Equation (26). Finally, the total trade revenue of plant p can be
computed according to the following formula:

> (Qcup? +QuUpY ) + iyt S (Qcupd + QHURY)

keEYnEL,
q

oV S (Qcup? +QHURT ) + bt ST (Qcup? + QHULY )

keELnEU I<eE§nE;/

P
qUpU
+ Z Ctrd

q=1,g#p keEJnEY keEbnEY

LpU ; ; LpL
+CIPY S (QCUEP + QHUEP) + Clip

ke EJnE} ke E5nE}

(29)

> (QeugP + QHUEP) + it > (Qeug? + QHUE?)

> (Qcug? + qHug?)
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Notice that the highly-nonlinear function in Equation (26) can
be rewritten in the following form to relieve the computational
burden:

P
max » wpln S,L,] (30)
p=1

The equality and inequality constraints of this optimization
problem are given above in Equations (2)—(29). Finally, to make
sure that the optimum solution is acceptable to all participating
members and also energy efficient, it is necessary to impose a lower
bound on the utility cost saving of each plant and set the upper
limits of the heating and cooling utility consumption rates. Spe-
cifically, the following inequalities are adopted in the proposed
model:

Sy >0 (31)
QSp, > QSm,, mpeSP (32)
Q—Wnp > QWh,, neWP (33)

where, the upper limits QS,,, and QW can be obtained in step I;
according to Equations (6) and (7).

3.3. Step l;: identify the optimal matches

The optimization results obtained in the previous two steps can
be used for building a MILP model to identify the optimal inner-
and inter-plant matches and their heat duties. Specifically, the
energy balances given in Equations (2)—(5) and (14)—(17) should all
be included in this model as equality constraints. Since the con-
sumption rates of heating and cooling utilities on the right sides of
Equations (3) and (5) have already been determined in step
li, QSm, x and QW,, _; are treated as given parameters in the present
step. Similarly, since the consumption rates of heating and cooling
utilities on the left sides of Equation (14)—(17) have already been
determined in the previous steps and these utilities are used only
for the interplant heat exchanges, QHUP?, QCUY?, QHU, and
QCU,?” should also be considered as given parameters in the present
model. The objective function should be

minZ:zP: > ZzipJpJFzP: > Z%Jﬁ*i >

p=1i,eHr j,eCr p=1i,eS j,eCr p=1 i,eHp
P P P P
S TEDID MDD IENED DD IS
JpEWP p=1 Cq;lp ipeSP joeCd p=1 gilp ipeHP
X D Zij,
JqeWa
(34)

In addition to the equality constraints mentioned above, the
following inequality constraints should also be imposed:

U
Qiqu - ZipJqupJq <0 (35)

where, p,q=1,2,---,P, and Zi g, is a binary variable defined as
follows

if hot stream(or hot utility)i,exchange heat
Zij, = with cold stream(or cold utility)jg
0 otherwise
(36)
In the above equations, Q;,;, = > Q; j x denotes the heat duty of
keK

match (ip,jq) and the model parameter Qilpjjq is its upper bound. It

should be noted that, although there are actually seven different
types of matches in Fig. 1, Q; ;, should be viewed as a generalized
notation for representation of the total amount of heat exchanged
between hot stream (or utility) ip and cold stream (or utility) jg.

3.4. Step I;,: generate the optimal interplant HEN structure

Since only the matches and their duties can be fixed in step Ij;,
it is necessary to further synthesize the network structure and
produce the design specifications of each exchanger. A
superstructure-based NLP model can be used for this purpose, e.g.,
see Floudas et al. [3], and essentially an identical approach is
adopted here to build the model constraints. On the other hand, a
modified objective function is utilized in this NLP model to facilitate
reasonable distribution of the TAC savings of all individual plants
(Sg), i.e.

P
max [ | (S;)wp (37)
p=1
or
P
max » " wp In S (38)
p=1

where, the negotiation power of plant p for the present step, i.e.,
wp, can be determined according to all utility cost savings (Sll,’ ) as
follows

1 i 1\ (39)
op =[S 39
Sg p=1 Sg

Notice that, with this formulation, the negotiation power of each
plant is inversely proportional to its utility cost saving obtained in
step I;;. In other words, the plant with a large utility cost saving may
be required to shoulder a large portion of the extra capital invest-
ment. On the other hand, the TAC saving of plant p can be computed
with the following formula

Table 1
Stream data used in the illustrative example.
Plant # Stream # Tin(°C) Tout (°C) Fep(kw/°C)
P1 H1 150 40 7
C1 60 140 9
C2 110 190 8
P2 H1 200 70 5.5
C1 30 110 35
Cc2 140 190 7.5
P3 H1 370 150 3.0
H2 200 40 5.5
C1 110 360 45
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Sp =Sy +Af | CL, — TC) — Z TRDp g — Z TRDg p

q=1.q#p a=14#p
(40)

where, Af is the annualization factor; CL{, denotes the minimum
capital cost of a standalone HEN design in plant p, which is treated
as a given model parameter in this study; TC{, denotes the total
capital cost of all inner-plant matches of plant p in an interplant
heat integration scheme; TRD,q represents the capital cost of
interplant match (ip, jg) shared by plant p and this match is either
between a hot stream in plant p and a cold utility in plant ¢’ or
between a hot utility in plant p and a cold stream in plant q’, TRDg

also represents the capital cost of interplant match (ig,jp) shared
by plant p and this match is either between a hot stream in plant g
and a cold utility in plant p or between a hot utility in plant g and a
cold stream in plant p. The minimum capital cost of a standalone
HEN design (CLL) should be computed in advance by following the
existing methods, while the other three aforementioned capital
costs can be expressed mathematically as follows:

TC) =
i, €HPUSP
0 8
X Z Zipjp Cipjp op T
JreCrows Ui g, [005,07 5, (005, +025,) /2]’
(41)

Qip J q

TRDgp=

igEHI
o 8
XD Zigg,¥h g, Cido we T
jhEwe Uy, ["Lﬁid,,( Ww?m)/zr
+>
igeS
o 8
X D Zigj,Yh 5, Ciody e :
e 'qJP [611111;70%11}17( ig,jp 'qu)/2]3
(43)

where, yi o and yg o denote the fractions of capital cost of match
Jq q

(ip,jq) shared by plant p and plant ¢’ respectively; yl‘?q j, and yg i

denote the fractions of capital cost of match (ig, jp) shared by plant q

and plant p respectively. Thus, the following equality constraints
should also be imposed under the conditions that p=q=q':

Thody T Vipdy = (“44)

Ty Vo = (45)

Finally, by following the conventional approach [3], a super-
structure and the corresponding material and energy balances can
be constructed on the basis of the optimization results obtained in
step I;;i. These constraints should also be included in the NLP model
used in the present step for maximizing the objective function

defined in Equation (37) or (38).

_ c P .
TRDp’q, - Z Z Z’pJq/Yiqu/C'p-Jq/

i ESP j,eCd

Qi

Uiprq’ {0'11111/ 012;:Jq’ (6’1!714’ + 611714 )/2]%

i,€HP

8

< D

. .oAP ..
le,]q, ’Yip.jq/ Clpqu
Jg EW?

Table 2
Utility data used in the illustrative example.

Uip-jq/ [01PJq’ eih’ ( by T 02 )/2}%

(42)

Plant # Utility Type Temperature (°C) Unit Cost (USD/kw-yr) Upper Limit (kw)
P1 Cooling water 25 10 5000
High p. steam 200 90 5000
Fuel oil 500 80 5000
P2 Cooling water 25 22.5 5000
High p. steam 200 30 5000
Fuel oil 500 120 5000
P3 Cooling water 25 30 5000
High p. steam 200 60 5000
Fuel oil 500 40 5000
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Fig. 2. Standalone heat-flow cascades in the illustrative example.
Pl P2 P3
QS/uel,pl = OkW QSfuel,pZ =0kW QSfuel,p3 =255kWw
370C —— l l l
0 0 -255
S =100kNE
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Fig. 3. Integrated heat-flow cascade built at the first

3.5. An illustrative example of procedure I

For illustration purpose, the fictitious stream and utility data of
three different plants are listed in Tables 1 and 2 respectively [6]. It
should be noted from the outset that, since the present study
focused primarily upon development of programming models and
design procedure, the important issues of data accuracy and the

step of procedure I in the illustrative example.

corresponding sensitivity analysis are ignored in this paper for the
sake of brevity. On the basis of a minimum temperature approach of
10K, the three standalone heat-flow cascades can be easily con-
structed (see Fig. 2) and the corresponding minimum utility costs

for P1,P2 and P3 were found to be 66,100 (Z1), 6,600 (Zp;) and

30,300 (Zp3)USD/yr, respectively.



98

Table 3
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Utility cost savings and negotiation powers established at the first step of procedure I in the illustrative example.

Plant # Utility Type Utility Costs Without Utility Costs after Step Total Utility Cost Savings Negotiation Powers Gained
Integration (USD/yr) I;(USD/yr) after Step I;(USD/yr) after Step I;(wp)
P1 Fuel oil 64,000 0 55,700 0.157
Cooling water 2100 10,400
P2 High pres. steam 3000 27,000 —20,400 4.091
Cooling water 3600 0
P3 Fuel oil 10,200 10,200 20,100 0.337
Cooling water 20,100 0
Table 4

Net utility cost savings and negotiation powers established at the second step of procedure I in the illustrative example.

Plant # Total Utility Cost Savings Total Payoffs from Energy Net Utility Cost Savings Negotiation Powers
after Step I;(USD/yr) Trades in Step [;(USD/yr) after Step I; (USD/yr) Gained after Step Ij;(wp)

P1 55,700 —43,700 12,000 0.436

P2 —20,400 50,400 30,000 0.174

P3 20,100 —6700 13,400 0.39
Table 5 design. A value of 1 indicates that this match is chosen and its heat
Optimal matches obtained at the third step of procedure I in the illustrative example. duty (kW) is specified in a parenthesis in the same cell, while

Hot Cold 0 means the corresponding exchanger should be excluded. From

Pl Cl Pl C2 P2 Cl P2 C2 3 C1 PLCW Table 5 one can see that there are 7 inner-plant heat exchangers
and 5 interplant heat-transfer units.

P1_H1 1(560) O 0 0 0 1(210)

P2_H1 0 0 1(280) 1(275) O 1(160)

P3_H1 0 0 0 0 1(510)  1(150)

P3_H2 0 0 0 0 1(360)  1(520) 3.5.4. Fourth sFep of progedure I . .

P2_HP 1(160) 1(640) O 1(100) 0O 0 On the basis the optimal matches listed in Table 5, one could

P3_Fuel 0 0 0 0 1(255) O construct a superstructure for each process stream in the three

3.5.1. First step of procedure |

After solving Equations (1)—(9), one can produce the heat-flow
cascades in Fig. 3. Note that the lowest-cost heating and cooling
utilities are used in all plants to minimize the overall utility cost.
The corresponding cost savings and the negotiation powers gained
by implementing this step can be summarized in Table 3.

3.5.2. Second step of procedure I
This step yields the following fair trade prices of all interplant
heat exchanges and the corresponding strategy vectors.

C1U2U -30, CterZL* 0, C;rlé?’u -90, C1U3L =-90,

ClLZU _ _307 Cgrﬁlzl- _ +10 C1L3U 60 Ct1r1a3]_ 30’

CZE’”U 740 CZE’”L 730 C2U3U 30 C2U3L—*30

ctzr“U -90, cﬂ” +10, C2L3U —60, CZ?L +22.5,
tr

i _ -90, cfrg“ = +10, cgrgzu -30, CpY* = +2255,

C3L1U _ _907 C3L1L _ +10 C3L2U 0 C3L2L = 430.

trd trd trd
PRY" 0 PR3 08337 [PRS® 0
PREC| | 0 PR | |0.167 PR | |1
PRYA| {0491 " | pRYA | o " |pPRYA| |O
PRI 0.509] | priA 0 PR 0

The resulting utility cost savings and the negotiation powers
gained after implementing this step can be summarized in Table 4.

3.5.3. Third step of procedure 1

The optimal matches obtained in this step are listed in Table 5. In
this table, a binary number is given in each cell to denote whether
or not a corresponding match should be assigned in the HEN

plants under consideration. The objective function used in the
present step, i.e., Equations (37)—(45), can then be formulated ac-
cording to the negotiation powers given in Table 4, while the other
model constraints can be obtained by applying the basic principles
of material and energy balances to the superstructures [3]. The
annualization factor in Equation (40), i.e., Af, was set at 0.1349. All
cost coefficients in Equations (41)—(43) were chosen to be
670 USD/m!66 and B = 0.83, while all overall heat-transfer co-
efficients were taken to be 1 W/m?-K. Finally, the temperature rise
of cooling water in every cooler was set to be 5 °C. By solving the
corresponding NLP program, one can produce the interplant HEN
design presented in Fig. 4 and the final economic assessment in
Table 6. This interplant heat integration project should be quite
feasible because all TAC savings are positive and reasonably
distributed.

4. Indirect integration via intermediate fluid (procedure II)

The mathematical programming models presented in the sec-
tion can be adopted to identify the proper interplant heat inte-
gration schemes by using “hot” oil as the intermediate heat-
transfer medium. To simplify model formulations, let us assume
that this fluid can only be treated as either a cold or a hot process
stream in each plant that joins the integration project and, also, its
temperature ranges in all plants must be identical. To facilitate clear
explanation, let us introduce two label sets to classify these plants
accordingly, i.e., sets PC and PH represent two groups of plants
(PCnPH = @) and the intermediate fluid is used as a cold stream in
the former set and a hot stream in the latter. The optimization steps
for the present applications are applied to achieve essentially the
same objectives as those given in the previous section, while the
model solved in each step should be modified according to the
aforementioned assumptions.
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Fig. 4. Interplant HEN design produced at the fourth step of procedure I in the illustrative example.

Table 6

Total annual cost savings achieved with procedure I in the illustrative example.

Plant Net Utility Cost Savings after Step Total Capital Costs without

Total Capital Costs after

Total Capital Cost Savings after TAC Savings after Step

# I;; (USD/yr) . A ‘ .
Integration (USD/yr) Steply, (USD/yr) Step iy (USD/yr) liy (USD/yr)
P1 12,000 5891 7548 —1657 10,343
P2 30,000 5861 7251 —1390 28,610
P3 13,400 7865 7725 140 13,540
Rip,k—l Rmp K1
o .o,
ip.k A Jp> QH - ¢
/—\ D/\ ik .}psk
—
@D, .
n, k
> c
QTp,k S
Q mp,k
S > H
Q m’,Jc Qz;k

Ri,_k Rm,k

Fig. 5. Interior heat-flow patterns of interval k in plantp with the intermediate fluid

acting as a cold stream.

R:,Jc Ry RFk

Fig. 6. Interior heat-flow patterns of interval k in plantp with the intermediate fluid

acting as a hot stream.
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4.1. Step II;: determine the minimum total utility cost

The conventional transshipment model [2] should also be
modified for calculating the minimum total utility cost. Fig. 5 shows
the interior heat-flow pattern of interval k in plant p if the inter-
mediate fluid is used as a cold stream, while Fig. 6 is its counterpart
under the condition that this fluid is a hot stream.

The optimization goal here is the same as that of step [;, i.e., to
minimize the total utility cost according to Equation (1), while the
equality constraints of the corresponding MINLP model can be
obtained primarily on the basis of energy balances. Specifically,

e For pePC, the energy balances can be established according to
Fig. 5 as follows:

A. Rip zp,k1+Zszka+ Z anpk“’Q
],JEC nPEW
= QM. ipeHy; (46)
B. Rmp,k m k-1t Z Qm,,,/p I<+Q Qsmp k> mpeskv
heQ
(47)
C Z Q‘pka+ Z QmpJp ijxk’ jp€C£; (48)
1,,EHk mpe X
D. > Qni=QW,  mpeWr; (49)
i,<H;
E > oFf WS Z QF§, =FCPp(Tk*Tk+1)W —QTCk:
i,eH, m,eS;
(50)

e For pePH, the energy balances can be established according to
Fig. 6 as follows:

. "P.
FooRix—Rik1+ D Qik+ > Qnk= prl,/u ip €Hy;
el n,ew?
(51)
P
G. Rmp,k - Rmp‘kfl + Z Qm,,,jp,k = Qsmp‘kv mpesk; (52)
jpeC
H H
H. RF—RF .+ > QFy+ > QF,
heq np €W}
= FCPy (T — T )Wy = QTH,; (53)

LoD Quipkt D Qmyjpac+ Qe = Qi pECs (54)

P
ip €H, mpesﬁ

I Z Qipﬁnp,kJrQFsz

. P
i, €H,

= QWnp,kv anWII:; (55)

The following equality constraint must also be imposed to
maintain overall material balance on the intermediate fluid:

> FCPy= Y FCPp (56)

pePH pePC

Since the actual temperature range of hot oil in each plant is not
a priori given, a binary variable w,({l) €{0,1} is used in Equations
(50) and (53) to signify whether or not interval k exists. Further-
more, to allow this range start and end at any two boundary tem-
peratures of the partitioned intervals, let us introduce two
additional binary variables, i.e., w; and w 3), for use in the
following constraint:

w =w —w? (57)

(2

where, k = 1,2, -+, K. In this equation, wy; ) = 1 means that interval

k is higher than the low end of the temperature range, and w(3) =1
means that interval k is higher than the corresponding high end. To
ensure convexity of the temperature range, two extra logic con-
straints should be imposed:

1- Wl(c ) +W§c2+1 <1 (58)
1-w +w) <1 (59)

where, k=1,2,---, K -1 and Wgz) = 1. Equations (6) and (7) used
in step [; should also be included in the present model to compute
the individual utility consumption rates, but the formulas for
calculating the total utility costs should be slightly modified as
follows:

le7 - Z Cm, QSm, + Z Cn, QWh,
m,SP newy
+ cmFCPpAT i, pEPC, MESP; (60)

Z,= Z Cm, QSm, + Z Cn, QWh,

m, €SP newy
+ cNFCPpATin, pEPH, NeWP. (61)

If the intermediate fluid is adopted to play the role of a cold
stream in plant p (pPC), its initial and target temperatures must
coincide with the aforementioned range in cold-stream tempera-
ture. In order to reuse this spent cold stream of plant p as a fresh hot
stream in another plant, it is necessary to further raise its tem-
perature in plant p from the cold-stream target to a higher level to
achieve an increase of AT,,;,. It is also assumed that this tempera-
ture change is accomplished by using utility M €SP at the unit cost
of cp;. Therefore, the third term on the right side of Equation (60) is
introduced to account for the corresponding hot utility cost. Simi-
larly, if the intermediate fluid is used as a hot stream in plant p
(pePH), it is necessary to further lower its temperature from the
hot-stream target to achieve an additional decrease of AT,;;,, and
the third term on the right side of Equation (61) is adopted to ac-
count for the corresponding cold utility cost.

Finally, the MINLP model should include the equality constraints
to stipulate zero residual heat flows entering the first and leaving
the last temperature intervals, i.e., Equation (9) and

RFg=RFx =0 (62)

By solving the proposed model, one can obtain the optimal
utility consumption rates of every plant (i.e., QSy, and QWp, ), the
heat-capacity flow rate in each plant (FCPp) and its temperature
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range (wk ). Since all plants must be classified and grouped into
two sets, i.e., PC and PH, in advance, it is necessary to construct and
solve the proposed MINLP model repeatedly for 2P — 2 times, and
the optimal solution corresponding to the smallest total utility cost
should be chosen for use in the next step.

4.2. Step Il;;: set the optimal trade prices

The general structure of the payoff matrix in Equation (10) is still
valid here, while the submatrix in Equation (11) should be revised
as follows:

If pePC, then the intermediate fluid is only used to facilitate
energy export. Thus, Ap g can be reduced to

A _ |Payoff?UsU  payoffrUal (63)
Pdi — Payofprqu PayOfprqiL

If pePH, then the intermediate fluid is only used to facilitate
energy import. Thus, Ap g can be reduced to

_ [Payoffath!  payoffair
Ap,l—h = |:Pay0ffqupL PayoffqinL (64)

As mentioned before, the ratio between the total amount of one
particular type of heat exchanges and that of all possible heat flows
in and out of plant p is considered as a game strategy in this work.
Therefore, Equations (18)—(20) should be reformulated accordingly
for the present case. For pePC, there are two strategies to export
heat only, i.e.

uo _
PRYC = o 3 QTS
keE)
(65)
P RLO EC Z Q
QP keEL
where, Q¢ = 1QTC and PRJO + PRL? = 1. For pe PH, there are

two strategies to import heat only, ie.

RUI Z Q
QIEH keEy

(66)
L _
PR; EH > QT
keEL
where, Q5" = 57§, QTH, and PR + PRY = 1.

For the purpose of setting the proper trade prices, the general
framework of NLP model used here is essentially the same as that
described previously in step I;;, i.e., see Equations (10), (12), (13),
(21)—(28) and (30)—(33). Other than Equations (63)—(66) used in
the present model, the only additional change is in computing the
total trade revenue received by plant p, ie., pf,. Specifically,
Equation (29) should be replaced with the two formulas given
below:

Qgc Z /\p ¢ { R”’ (CpUq U PR”O C%q U PRLO)
q =&p

+ PRY (ChyT PR + ChT PRI?) | (67)

where, pePC, Ag‘q, denotes the fraction of total heat exported by

plant p that is received by plant ¢/, i.e., Aqu, = fpq /FCPp and

FCPp = Y fogq-
q €PH

Q3 iR (e o)
Q¢P
LO LpU ppUI LpL ppLl

+ PR (CIPVPRYY -+ CIP PR | (68)

where, pePH, A{”, denotes the fraction of total heat imported by

plant p that is released by plant q, ie, Af“, = fqp/FCPp and

FCPy = %~ fqp-
qePC

4.3. Step ll;: identify the optimal matches

As mentioned previously, the third step of the sequential
interplant heat integration procedure is to minimize the total
number of matches. In the present case, the objective function
should be expressed as

P P P

mnZ=3% > > Zij,t> D D Zytd D
P e = p=1 i€ jeCr p=1 i, €Hr
X ZzipJerZ Z zFierZ Z ZFJ!:

jpewr pEPC i, eHPUSP PEPH j,eCruwr
(69)

The first three terms on the right side of this equation are the
same as those in Equation (34) and they represent all possible
inner-plant matches, while the remaining interplant matches are
facilitated indirectly with the intermediate fluid and their heat
duties are constrained as follows:

QFif —zFiCpUFip <0, VpePC (70)

QFJZ' —ZFJ-';IUFJ-V <0, VpePH (71)

where, zFiie{O, 13, zFﬁ’e{O, 13, QFI.S ( = kZK QF,.i"k) denotes the
(S

heat duty of the match between hot stream i, and the intermediate
fluid acting as a cold stream; QF]': = QFJi’ ) denotes the heat
kek ’

duty of the match between cold stream j, and the intermediate
fluid acting as a hot stream; UF;, and UF;, respectively denote the
upper bounds of the corresponding heat duties.

On the other hand, the model constraints can be formulated
with an approach which is very similar to that in step Ij;. The
optimization results obtained previously in steps I; and II; can be
used for building a MILP model to identify the optimal inner- and
inter-plant matches and their heat duties. Specifically, the energy
balances given in Equations (46)—(56) should be included in this
model as equality constraints. Notice that the following model
parameters should become available after applying the previous
two steps:

e the heating utility consumption rates on the right sides of
Equations (47) and (52), i.e., QSm, ks

e the cooling utility consumption rates on the right sides of
Equations (49) and (55), i.e., AWy, k.,

o the heat-capacity flow rate of intermediate medium used in
each plant, i.e., FCPp;;
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Fig. 7. Integrated heat-flow cascades built at the first step of procedure II in the illustrative example.

Table 7
Utility cost savings and negotiation powers established at the first step of procedure II in the illustrative example.
Plant Utility Type  Utility Costs Without Integration Utility Costs after Step Total Utility Cost Savings after Step Negotiation Powers Gained after Step
# 11 (wp)
(USD/yr) 1I; (USD/yr) I1; (USD/yr)
P1 Fuel oil 64,000 4800 55,400 0.162
Cooling water 2100 5900
P2 High pres. 3000 8700 —2100 1.318
steam
Cooling water 3600 0
P3 Fuel oil 10,200 20,800 4550 0.850
Cooling water 20,100 4950
Table 8
Net utility cost savings and negotiation powers established at the second step of procedure II in the illustrative example.
Plant Total Utility Cost Savings after Step Total Payoffs from Energy Trades in Step  Net Utility Cost Savings after Step Negotiation Powers Gained after
# Step Ilj; (wp)
If; (USD/yr) 1l (USD/yr> 1l (USD/yr> i
P1 55,400 —48,568 6832 0.61
P2 —-2100 17,250 15,150 0.27
P3 4550 31,318 35,868 0.12

Table 9

Optimal matches obtained at the third step of procedure Il in the illustrative example.
Cold Hot

P1_H1 P1_F P1_Fuel P2_H1 P2_HP P3_H1 P3_H2 P3_Fuel

P1_C1 1(260) 1 (400) 1(60) 0 0 0 0 0
P1_C2 0 1 (640) 0 0 0 0 0 0
P1_CW 1(510) 0 0 0 0 0 0 0
P2_C1 0 0 0 1(280) 0 0 0 0
P2_C2 0 0 0 1(110.25) 1(264.75) 0 0 0
P2_F 0 0 0 1(325) 0 0 0 0
P3_C1 0 0 0 0 0 1 (660) 0 1 (465)
P3_F 0 0 0 0 0 0 1(715) 0
P3_CW 0 0 0 0 0 0 1(165) 0
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e the temperature range of intermediate medium used in each
plant, i.e., wf{”.

4.4. Step Il;,: generate the optimal interplant HEN structure

The objective function of the NLP model used here is the same as
that given in Equations (37)—(39), and the corresponding model
constraints can be formulated according to the superstructure-
based approach suggested by Floudas et al. [3]. As mentioned
previously, the above objective function is utilized to facilitate fair
distribution of the TAC savings of all plants (Sg). If pePC, the TAC
saving can be expressed as

T _cU I 1 P 4
Sp =Sy +Af | CL, — TC, — TPC}) — XP:H TPH}
qe

(72)

Notice that only two variables in this equation have not been

103

defined before, i.e., TPC{,’ and TPHg , and they are the capital costs of
interplant heat exchangers (which are facilitated by the interme-
diate fluid) that must be paid by plant p. The former represents a
fraction of the total capital cost of interplant matches in plant p and
each can be denoted as (ip, F), while the latter represents a fraction
of the total capital cost of interplant matches in plant g and each is
denoted as (F, jq). On the other hand, the TAC saving of plant pe PH
should be

T U 1 1
Sp =Sp +Af | CL, — TC, —  ~ TPC} — TPH} (73)

qePC

Again in this equation only the definitions of two variables have
not been given before. In particular, TPCg and TPHfJj denote the
capital costs of interplant heat exchangers (which are facilitated by
the intermediate fluid) that must be paid by plant p. The former is a
fraction of the total capital cost of matches in plant q, i.e., (ig,F),
while the latter a fraction of the total capital cost of matches in
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Fig. 8. Interplant HEN design produced at the fourth step of procedure II in the illustrative example.



104 H.-H. Chang et al. / Energy 148 (2018) 90—111

Table 10
Total annual cost savings achieved with procedure II in the illustrative example.

Plant Net Utility Cost Savings after Step Total Capital Costs without
#

Total Capital Costs after

Total Capital Cost Savings after Step TAC Savings after

1l (USD/yr) Integration (USD/yr) Stepll;, (USD/yr) 1Ty (USD/yr) Stepll;, (USD/yr)
P1 6832 5891 4273 1618 8450
P2 15,150 5861 12,027 —6166 8984
P3 35,868 7865 8999 -1134 34,734

plant p, i.e, (F,jp). More specifically, the aforementioned capital
costs can be expressed in generalized forms as follows

8
QFH
TPHE = ZFPYFP g Ja
! je%Wq 3 T Fd Us.. [aL. 2. (6} 02 2%
L F«Jq[ Fiq m( Fjg T m) / ]
(74)
QF¢ g
TPCh = ZFCyFP ¢ o
q ie%usq rq’Y ig “ig.F [U, 01 02 01 02 5 I
a lq‘F|: iy F i,,f( i Ft iq,F>/ ]
(75)

where, p,qe1,2,---,P; yFJ{’I denotes the fraction of the total capital
cost of match (F,jq) in plant q (€PH) that is shared by plant p
(pePC) and; nyI denotes the fraction of the total capital cost of
match (ig, F) in plant q (q&PC) that is shared by plant p (p€PH).

Clearly, additional equality constraints must be imposed upon
these cost fractions as follows:

P q _

VF, +qE§PHyFiP =1, VpePC (76)
P q _

ijp +qEEPC7Fjp =1, VpePH (77)

where, 7Fipp in Equation (76) denotes the fraction of the total capital
cost of match (ip,F) in plant p that is shared by plant p itself
(pePC), while yFZ represents the fraction of the same total capital
cost that is shared by plant g, yFﬁ in Equation (77) denotes the
fraction of the total capital cost of match (F,jp) in plant p that is
shared by plant p itself (p=PH), while yFJ‘Z denotes the fraction of
the same total capital cost that is shared by plant g. In other words,

® Equation (76) is applicable to match (ip, F) in plant p when

pePC, and
Table 11
Stream data used in the additional example.
Plant # Stream # Tin(°C) Tin(°C) Fop (KW/OC>
P1 H1 150 40 7
C1 60 270 9
Cc2 110 190 8
P2 H1 200 70 55
C1 30 110 35
Cc2 140 190 7.5
P3 H1 380 150 85
H2 200 40 55
C1 110 380 35

® Equation (77) is applicable to match (F,jp) in plant p when
pEPH.

4.5. Illustrative example of procedure II

Let us again consider the stream and utility data in Tables 1 and
2. Based on a minimum temperature approach of 10 °C, the three
individual heat-flow cascades in Fig. 2 and the corresponding
minimum  utility costs for P1,P2 and P3, ie.,

66,100 (Zp1),6,600 (Z,,) and 30,300 (Z,3) USD/yr, can still be
used for the present application.

4.5.1. First step of procedure II

By repeatedly solving the MINLP model 6 times in step II;, one
can produce the integrated heat-flow cascade in Fig. 7. The tem-
perature range of intermediate fluid is chosen to be [70, 200] °C
when it is viewed as a hot stream, while [60, 190] °C if the inter-
mediate fluid is a cold stream. Note that PC = {P2, P3} and
PH={P1}, and it was found that FCPp; =8, FCPp; = 2.5
and FCPp3 = 5.5. Clearly, FCPpy = FCPp; + FCPp3. The corresponding
cost savings and the negotiation powers gained by implementing
this step are summarized in Table 7.

4.5.2. Second step of procedure Il

From Fig. 7 and Table 7, the following fair trading prices of
interplant heat exchanges can be obtained by solving the proposed
NLP model:

C2UTU — _90.0, C2YIL = —30.0,
CoHY = 375, (2Lt = +10.0,
UV = —60.0, 2t = ~18.5,

trd trd
GV = —43.8, 3L = 110.0.

The corresponding strategy vectors are:

PRY'| 1 PRYO| [0.385] |PRYO| o
pRgl o]’ pRéo 10615’ pRéo (1|
Also, the ratios used in Equations (67) and (68) were found to

be: 2, =0.3125,25; = 0.6875 and 23, = 1.0. The resulting net

utility cost savings and the negotiation powers gained by imple-
menting this step can be summarized in Table 8.

4.5.3. Third step of procedure Il

The optimal matches obtained in this step can be found in
Table 9. In each cell of this table a binary number is given to denote
whether or not a corresponding match is present in HEN design. If a
value of 1 is given, then the heat duty (kW) of the corresponding
match is also specified in a parenthesis in the same cell. It can be
observed from Table 9 that the inner-plant heat exchanges are
facilitated with 4 heat exchangers, 2 furnaces, 1 heater (using high
pressure steam) and 2 coolers (using cooling water). On the other
hand, the interplant heat exchanges are realized with 4 heat-
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Table 12
Utility data used in the additional example.

Plant # Utility Type Temperature (°C) Unit Cost (USD/ ) Upper Limit (KW)
KW -yr
P1 Cooling water 25 10 5000
High p. steam 400 70 5000
Medium p. steam 280 50 5000
Low p. steam 200 40 5000
P2 Cooling water 25 225 5000
High p. steam 400 60 5000
Medium p. steam 280 40 5000
Low p. steam 200 25 5000
P3 Cooling water 25 30 5000
High p. steam 400 80 5000
Medium p. steam 280 35 5000
Low p. steam 200 30 5000
P1 P2 P3
OSyp 3 =35kW
390°C —1—
0 0 -35
380°C —}— l l —17 pinch
0 0 500
280°C—{— | - V=08, ,, =600k ]
= OSp 1 =720k rQ P p2
-720 -600 400
200°C —— l l_QSLp o1 =12506W l J;QDLP,pZ =100k l
I ’ I
-850 -100 525
150°C ——— l Hipinch l
-300 165 60
120°C —— l l l
-100 100 275
70°C l pinch l l
210 -105 165

40°C l

OWey , =210kW  OW,,, ,=160kW

CW,p2

! I

OW,,, ,, =1925kW

Fig. 9. Standalone heat-flow cascades in the additional example.

transfer units. The intermediate fluid is used as the cold stream in
one such unit in plant P2 and also in another in plant P3, while it is
the hot stream in two separate units in plant P1.

4.5.4. Fourth step of procedure I

On the basis the optimal matches listed in Table 9, a unique
superstructure can be built for every process stream in the three
plants under consideration. The objective function defined by
Equations (37), (39), (41) and (72)—(75) can then be established
according to the negotiation powers given in Table 8, while the
other model constraints can be obtained by applying the basic
principles of material and energy balances to the superstructures
[3]. The annualization factor in Equation (73), i.e., Af, was also set at
0.1349. All cost coefficients in Equations (41), (74) and (75) were
chosen to be 670 USD/m!-66 and B = 0.83, while all overall heat-

transfer coefficients were taken to be 1 W/m?-K. Finally, the tem-
perature rise of cooling water in every cooler was set to be 5 °C.
By solving the corresponding NLP program, one could generate
the interplant HEN design presented in Fig. 8 and the final eco-
nomic assessment in Table 10. It can be observed that, although the
capital investments of plants P2 and P3 must be increased to realize
the required inner- and inter-plant heat exchanges, this interplant
heat integration project should still be quite feasible since the TAC
savings of all plants are positive and reasonably distributed.

5. Case studies

By comparing the net savings in utility costs (see Tables 4 and 8)
achieved in the aforementioned examples and those reported
previously in Cheng et al. [6], i.e,, 74,450 USD/yr, one could



P1 P2 P3
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0 0 -35
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0 0 500
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-300 165 60
o —{— 1 | |
-100 100 275
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Fig. 10. Integrated heat-flow cascades built at the first step of procedure I in the additional example.
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Fig. 11. Interplant HEN design produced with procedure I in the additional example.
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Table 13
Total annual cost savings achieved with procedure I in the additional example.

Plant Net Utility Cost Savings after Step Total Capital Costs without
#

Total Capital Costs after Step

Total Capital Cost Savings after TAC Savings after Step

lij (USD/yr) Integration (USD /yr) Ly (USD/yr) Step I, (USD /yr) I, (USD /yr)
P1 9748 6066 8367 —2500 7248
P2 38,783 6321 8152 —1882 36,901
P3 25,219 4533 6674 —1363 23,856

conclude that in general the overall energy cost of a direct heat
integration scheme should be lower than any of its indirect coun-
terpart and, also, the sum of net utility cost savings achieved with
an intermediate fluid should be larger than that with the heating
and cooling utilities. From Figs. 2 and 3, it can be observed that the
minimum consumption rates of steams and cooling water of the
standalone plants are basically the same as those of the utility-
facilitated indirect heat integration scheme. Since every available
hot/cold utility in the latter case is essentially a common heat
source/sink shared by all plants, the total utility cost saving re-
ported in Table 3, ie.,
55,400 (= 55,700 — 20,400 + 20, 100) USD/yr, is achieved in step
I; simply by replacing the utilities used in standalone cascades
(Fig. 2) with their cheapest alternatives (Fig. 3). One can also see
from Figs. 3 and 7 that, instead of sharing utilities across the plant
boundaries, the indirect interplant heat integration scheme can be
made more efficient by using an intermediate fluid to provide
better heat-exchange opportunities. Furthermore, from Figs. 7 and
3 in Cheng et al. [6], one would expect that a direct interplant heat
integration scheme can be adopted to reap the largest possible
energy saving as long as the required interplant heat exchanges are
realizable in practice. Finally, in the illustrative example discussed

above, the total capital cost of the HEN synthesized with procedure
[ is lower than that with procedure Il and, also, the former is
structurally simpler and should be considered as a more operable
and controllable design.

An extra example is presented below to further confirm the
above findings:

5.1. Process data

Tables 11 and 12 respectively show the stream and utility data
used in an additional example. Based on a minimum temperature
approach of 10K, the corresponding standalone heat-flow cas-
cades can be built and they are given in Fig. 9. The minimum utility
costs of P1, P2 and P3 can be determined respectively to be

88,100 (Zp1), 30,100 (Z,;), and 60,500 (Z,3), USD/yr.

5.2. Procedure |

The integrated heat-flow cascade given in Fig. 10 was produced
at the first step of procedure 1. Although the required utility con-
sumption rates are the same as those in the standalone heat-flow
cascades (see Fig. 9), the cheapest utility is adopted at every

P1 P2 P2
Oy, =35KW
390°C —1— l l l
0 0 -35
380°C —— l l + pinch
0 0 500
e [ 7206w L 0Sy, . =649.5k |
-720 Y ‘600' —> 49.5kW 400 b 670.5kW
200°C —— 458/(%;@&” =430k} 0S8, =131 ]
-850 100 — 314k 525 L 419kW
150C—— | 270k — !
2300 165 — 18.6kW 60 - 251.4kW
120°C —+— l 450kW l l
100 ¥ 100 —»31kW 275 ALY
70°C l pinch l l
210 -105 165

40°C l l

OW,, ,, = 560kW

oW, ,, =110.5kW

|

OW,,, ,, =165kW

Fig. 12. Integrated heat-flow cascades built at the first step of procedure II in the additional example.



108 H.-H. Chang et al. / Energy 148 (2018) 90—111
Pl C
150°C N 120°C - 40°C
P1 HI(7 { 210 ) { 560 ) >
_ ( ) \__/ /
280°C 70°C
PI_F(9) () >
270°C X Goocpl C1(9)
Pl LP ~ R
D e :
100°C 13625°C (7 OC b1 g
A NI -
(4.881) (24 \1500 (.5 f;& 70°C
P2 HI(5.5) 200C N o -
P2 CW
(0.619) m 150°C /o \/7ovc
(@) }
110°C -
0Cpy C1(3.5)
P2 MP 190°C /7 7\ (4.881)
270°C »'7'\ N/ 140°C
(a0 —{ pa Lp P2_C2(7.5)
Y (2.619)
P2_MP 190°C\ 2 4
z0c_ Y woe/” e () € p2_F(0.619)
/ / B
(3.849) . \ 143.58°C
o \ /
P3_HI®5) ¢
(4.651) les 313°C
o/ P3_ CW
200°C o o °
P3_H2(5.5) (s )2 3/”“/3 -
P3_HP \[/ -
. c -
FLUC 35\ S UOC p3 C1(3.5)
B A\ N 7
eC 145.313°G7 60°C
2 P3_F(8.381)
_/ /

Fig. 13. Interplant HEN design produced with procedure II in the additional example.

occasion in this integrated scheme, i.e., the cooling water is always
taken from P1, the high- and low-pressure steams are from P2, and
the medium-pressure steam is from P3. The resulting interplant
HEN design is presented in Fig. 11, while a complete economic
summary is provided in Table 13.

5.3. Procedure II

The integrated heat-flow cascade in Fig. 12 was produced by
applying the first step of procedure II. The temperature range of hot
oil in this case can be chosen to be [70, 280] °C if it is used as a hot

Table 14
Total annual cost savings achieved with procedure Il in the additional example.

stream, while [60, 270] °C if otherwise. Note that PC = {P2, P3}
and  PH = {P1}, and it  was determined  that
FCPpy =9, FCPp, = 0,619 and FCPp3 = 8.381. Note that, by using
the intermediate fluid, a significant amount of 1459.5 KW can be
reduced respectively from the hot and cold utility consumption
rates of the integrated scheme obtained with procedure I (see
Figs. 10 and 12). By adopting the same parameter values presented
previously in subsection 3.5.4 or 4.5.4, one can produce the inter-
plant HEN design in Fig. 13 and the corresponding cost summary
can be found in Table 14.

Plant Net Utility Cost Savings after Step Total Capital Costs without

Total Capital Costs after

Total Capital Cost Savings after TAC Savings after Step

1 (USD/yl_) Integration (USD/yr) Stepll;, (USD, /yr) Step I, (USD, /yr) Iy (USD/yr)
P1 73,208 6066 11,841 -5775 67,433
P2 6965 6321 7096 -775 6190
P3 36,237 4533 4691 —158 36,079
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5.4. Cost analysis

From Tables 13 and 14, it can be observed that these optimiza-
tion results clearly reaffirm the conclusions drawn from the pre-
vious example (see the beginning of Section 5). Notice that the total
utility cost saving achieved with the heating and cooling utilities
(73,750 USD/yr) is much smaller than that with the intermediate
fluid (116,410 USD/yr). This difference is probably due to their
roles in facilitating heat flows between plants. Although various hot
and cold utilities may be available in different plants, they are all
supposed to be treated equally without distinguishing their origins.
Thus, if the interplant heat exchanges are facilitated with utilities,
then the total hot and cold utility consumption rates in every plant
should respectively remain unchanged. A considerable utility cost
saving may still be achievable in this scenario due to the use of
cheaper alternatives. On the other hand, notice that the interme-
diate fluid is treated as either an extra hot or cold process stream in
every individual plant. These additional streams are selected in step
II; for optimally adjusting the grand composite curve of each plant
so as to make the corresponding total utility cost lower than that of
the standalone counterpart. As a result, the overall consumption
rates of hot and cold utilities of the entire site can both be reduced
to lower levels as well.

However, since the intermediate fluid is present in a much
wider temperature range than that of any hot or cold utility, the
interplant HEN design synthesized with the intermediate fluid re-
quires a slightly higher total capital cost than the utility-facilitated
design. This tendency is also consistent with that found in the
previous example. Finally, note that the eventual feasibility of each
interplant heat integration program can also be ensured by the
reasonably distributed TAC savings among all participating
members.

6. Conclusions

This study aims to improve the practical applicability of inter-
plant heat integration scheme. An existing game-theory based
sequential optimization strategy [6] has been improved in this
work on the basis of the individual negotiation power of every
participating plant to stipulate the “fair” price for each energy
trade, to determine the “reasonable” proportions of capital cost to
be shouldered by the involved parties of every interplant heat
exchanger, and to produce an acceptable distribution of TAC sav-
ings. Also, to address various safety and operational concerns
against direct heat transfers across plant boundaries, the interplant
heat flows have been facilitated in the proposed integration
schemes with either the available utilities or an extra intermediate
fluid. Because of these additional practical features in interplant
heat integration, realization of the resulting financial and envi-
ronmental benefits should become more likely. Furthermore, from
the optimization results obtained in case studies, one can find that
feasible schemes can indeed be synthesized with the above two
procedures. The interplant HEN design generated with procedure I
should be simpler and more operable, while its counterpart created
by procedure II is usually more energy efficient.

Nomenclature
Abbreviations

HEN heat exchanger network
LP linear program

MILP mixed-integer linear program
MINLP mixed-integer nonlinear programming
NA the corresponding heat transfer is not allowed

NLP nonlinear programming

TAC total annual cost

TSHI total site heat integration

Sets

Cﬁ the set of cold streams in interval k of plant p

cp the set of cold streams in plant p

ElpJ the set of temperature intervals above the pinch in plant
p

EIL) the set of temperature intervals below the pinch in plant
p

Hﬁ the set of hot process streams in interval k of plant p

HP the set of hot process streams in plant p

I:Ii the set of hot process streams in or above interval k of
plant p

PC the set of plants in which the intermediate fluid is
treated as a cold stream

PH the set of plants in which the intermediate fluid is
treated as a hot stream

N the set of all hot utilities

sp the set of hot utilities in plant p

Sﬁ the set of hot utilities in interval k of plant p

§£ the set of hot utilities in or above interval k of plant p

w the set of all cold utilities

wp the set of cold utilities in plant p

Wl’j the set of cold utilities in interval k of plant p

Superscripts

H hot stream

C cold stream

pUg;L from above the pinch in plant p to below the pinch in
plant g;

pUq;U from above the pinch in plant p to above the pinch in
plant g;

Indices

k label of temperature interval k (k= 1,2, ---,K)

p label of plant p(¢' = 1,2,---,P)

q label of plant q(¢ = 1,2, -+, P)

q label of plant (¢ = 1,2, -, P)

ip label of hot process stream i, in plant p.

Jp label of cold process streamjp, in plant p.

my label of hot utility m, in plant p.

np label of cold utility n, in plant p.

Parameters

Af the annualization factor

Ciy iy the coefficient in the capital cost model of heat
exchanger between hot stream i, and cold stream jg
(USD/m166)

Ciy jy the coefficient in the capital cost model of heat
exchanger between hot stream i, and cold stream jg
(USD/m1‘66)

CFj, the coefficient in the capital cost model of heat

exchanger between intermediate fluid F and cold
stream jq (USD/m66)

Ci, F the coefficient in the capital cost model of heat
exchanger between hot stream iq and intermediate fluid
F (USD/m!66)
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the lowest unit cost of hot utility needed in plant p to
facilitate the corresponding interplant heat flow
(USD/KW -y)

the lowest unit cost of cold utility needed in plant p to
facilitate the corresponding interplant heat flow
(USD/kW -y)

the unit cost of hot utility m, (USD/kW-y)

the unit cost of cold utility n, (USD/kW-y)

the total number of temperature intervals

the total number of plants taking part in the interplant
heat integration project

the heat released by hot stream ip in temperature

interval k (kW)
the heat absorbed by cold stream jp, in temperature

interval k (kW)

the upper bound of the consumption rate of hot utility
mp (kW)

the upper bound of the consumption rate of cold utility
np (kW)

the overall heat transfer coefficient between hot stream
ip and cold stream jq (kW/m?-K)

the overall heat transfer coefficient between hot stream
ip and cold stream jy (KW/m?-K)

the overall heat transfer coefficient between hot stream
ig and cold stream j, (kW/m?-K)

the overall heat transfer coefficient between hot oil F
and cold stream j, (kW/m?-K)

the overall heat transfer coefficient between hot oil F
and cold stream j, (kW/m?-K)

the minimum temperature approach (°C)

the payoff matrix of plantp (p =1,2,---,P)

a sub-matrix of the payoff values between plant p and
plant g;

the trade price paid by plant p for transferring a unit of
heat from a temperature above the pinch point of plant
p to a temperature above the pinch point of plant g;
(USD/KW -y)

the trade price paid by plant p for transferring a unit of
heat from a temperature above the pinch point of plant
p to a temperature below the pinch point of plant g;
(USD/kW -y)

the trade price paid by plant p for transferring a unit of
heat from a temperature below the pinch point of plant
p to a temperature above the pinch point of plant g;
(USD/KW -y)

the trade price paid by plant p for transferring a unit of
heat from a temperature below the pinch point of
plant p to a temperature below the pinch point of plant
q; (USD/KW -y)

the trade price paid by plant g; for transferring a unit of
heat from a temperature above the pinch point of plant
g; to a temperature above the pinch point of plant p
(USD/KW -y)

the trade price paid by plant g; for transferring a unit of
heat from a temperature below the pinch point of plant

g; to a temperature above the pinch point of plant p
(USD/KW -y)

Cfr‘éjpl the trade price paid by plant g; for transferring a unit of
heat from a temperature above the pinch point of plant
g; to a temperature below the pinch point of plant p
(USD/kW -y)

Cfr‘CL,pL the trade price paid by plant g; for transferring a unit of

heat from a temperature below the pinch point of plant
g; to a temperature below the pinch point of plant p
(USD/kW -y)

CL{, the minimum total capital cost of a standalone HEN
design in plant p (USD/y)

PayoffP 4l the unit payoff value of exporting heat at a temperature
below the pinch in plant p to a temperature below the
pinch in plant g; (USD/kW-y)

Payoff%UPU  the unit payoff value of exporting heat at a temperature
above the pinch in plant g; to a temperature above the
pinch in plant p (USD/kW -y)

Payoff@PU the unit payoff value of exporting heat at a temperature
below the pinch in plant g; to a temperature above the
pinch in plant p (USD/kW -y)

Payoff%UPL the unit payoff value of exporting heat at a temperature
above the pinch in plant g; to a temperature below the
pinch in plant p (USD/kW-y)

Payoff@LPL the unit payoff value of exporting heat at a temperature
below the pinch in plant g; to a temperature below the
pinch in plant p (USD/kW -y)

pfy the total revenue received by plant p via energy trades
(USD/y)
Qi j,.k the amount of heat exchanged between hot stream i

and cold stream jp, in interval k of plant p (kW)

Qi, 1y k the amount of heat exchanged between hot stream i
and cold utility np in interval k of plant p (kW)

Qi n, k the amount of heat exchanged between hot stream ip in
interval k and cold utility ng of plant ¢’ (kW)

Qm, j, k the amount of heat exchanged between hot utility mj
and cold stream jj, in interval k of plant p (kW)

Qm, Jok the amount of heat exchanged between hot utility mj in
interval k of plant p and cold stream jg of plant g’ (kW)

Qg iy k the amount of heat exchanged between hot utility mg in
plant g and cold stream j,, in interval k of plant p (kW)

Qg the total volume of energy traffic in and out of plant p
(kW)

QCUI‘{”’ the total heat-exchange rate between all hot streams in
interval k of plant g and all cold utilities in plant p (kW)

QCUﬁ‘q the total heat-exchange rate between all hot streams in
interval k of plant p and all cold utilities in plant q (kW)

QF,.S‘k the amount of heat exchanged between hot stream i
and hot oil in interval k of plant p (kW)

QFr%,,k the amount of heat exchanged between hot utility mj
and hot oil in interval k of plant p (kW)

QF;’ K the amount of heat exchanged between hot oil and cold
stream jp, in interval k of plant p (kW)

QF,’; P the amount of heat exchanged between hot oil and cold
utility n, in interval k of plant p (kW)

QHU[?  the total heat-exchange rate between all heating

utilities in plant g and all cold streams in interval k of
plant p (kW)
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the total heat-exchange rate between all heating
utilities in plant p and all cold streams in interval k of
plant g (kW)

the amount of heat absorbed by intermediate fluid as a
cold stream in interval k of plant p (kW)

the amount of heat released by intermediate fluid as a
hot stream in interval k of plant p (kW)

the utility cost saving of plant p (USD/y)

the total cost saving realized by plant p after inter-plant
heat integration (USD/y)

the total capital cost of all inner-plant matches of plant p
in an interplant heat integration scheme (USD/y)

a fraction of the total capital cost of interplant matches
in plant p and each can be denoted as (ip, F) (USD/y)

a fraction of the total capital cost of interplant matches
in plant g and each is denoted as (F,jq) (USD/y)

the capital cost of interplant match (ip,jq') shared by
plant p (USD/y)

the capitasssssl cost of interplant match (ig, j,) shared
by plant p (USD/y)

the strategy vector of plant p

the minimum total utility cost of a standalone HEN in
plant p (USD/y)

the minimum total utility cost of plant p achieved with

interplant heat integration (USD/y)

the binary parameter to denote if the corresponding
matches between i, and j,, are present in HEN

the consumption rate of hot utility mj, of plant p in

temperature interval k (kW)

the consumption rate of cold utility n, of plant p in
temperature interval k (kW)

the heat residue from hot oil in interval k of plant p (kW)
the heat residue from hot process stream i in interval k

of plant p (kW)
the heat residue from hot utility m in interval k of plant p

(kw)

the proportions of capital cost shared by plant p for the
heat exchanger facilitating heat export from hot stream
ip to cold stream jg (dimensionless)

the proportions of capital cost shared by plant ¢ for the
heat exchanger facilitating heat export from hot stream
ip to cold stream jg (dimensionless)

the proportions of capital cost shared by plant p for the
exchanger facilitating heat import from hot streamigto
cold streamjp, (dimensionless)

the proportions of capital cost shared by plant q for the
exchanger facilitating heat import from hot stream igto
cold stream jp, (dimensionless)

0
Ao
I
Aqp
P
",

YFP

Iq

the fraction of total heat exported by plant p that is
received by plant g’

the fraction of total heat imported by plant p that is
released by plant q

the fraction of the total capital cost of match (F,jq) in
plant q (= PH) that is shared by plant p (p=PC)

the fraction of the total capital cost of match (ig, F) in
plant q (g PC) that is shared by plant p (p<=PH)

References

(1]
2

3

[4

(5

(6

(7

8

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]
[17]

[18]

[19]

[20]
[21]

[22]

Yee TF, Grossmann IE. Simultaneous optimization models for heat integration
— II. heat exchanger network synthesis. Comput Chem Eng 1990;14:1165—84.
Papoulias SA, Grossmann IE. A structural optimization approach in process
synthesis — II. heat recovery networks. Comput Chem Eng 1983;7:707—21.
Floudas CA, Ciric AR, Grossmann IE. Automatic synthesis of optimum heat
exchanger network configurations. AIChE ] 1986;32:276—90.

Bagajewicz MJ, Rodera H. Multiple plant heat integration in a total site. AIChE ]
2002;48:2255-70.

Kralj AK. Heat Integration between two biodiesel processes using a simple
method. Energy Fuels 2008;22:1972—9.

Liew PY, Theo WL, Alwi SRW, Lim ]S, Manan ZA, Klemes ]J, Varbanov PS. Total
Site Heat Integration planning and design for industrial, urban and renewable
systems. Renew Sustain Energy Rev 2017;68:964—85.

Hackl R, Harvey S. From heat integration targets toward implementation -A
TSA (total site analysis)-based design approach for heat recovery systems in
industrial clusters. Energy 2015;90:163—72.

Chang C, Chen X, Wang Y, Feng X. Simultaneous optimization of multi-plant
heat integration using intermediate fluid circles. Energy 2017;121:306—17.
Wang Y, Chang C, Feng X. A systematic framework for multi-plants heat
integration combining direct and indirect heat integration methods. Energy
2015;90:56—67.

Matsuda K, Hirochi Y, Tatsumi H, Shire T. Applying heat integration total site
based pinch technology to a large industrial area in Japan to further improve
performance of highly efficient process plants. Energy 2009;34:1687—92.
Liew PY, Alwi SR, Klemes JJ, Varbanov PS, Manan ZA. Algorithmic targeting for
Total Site Heat Integration with variable energy supply/demand. Appl Therm
Eng 2014;70:1073—83.

Liew PY, Lim ]S, Alwi SR, Manan ZA, Varbanov PS, Klemes ]J. A retrofit
framework for Total Site heat recovery systems. Appl Energy 2014;135:
778-90.

Tarighaleslami AH, Walmsley TG, Atkins M], Walmsley MRW, Liew PY,
Neale JR. A Unified Total Site Heat Integration targeting method for isothermal
and non-isothermal utilities. Energy 2017;119:10—25.

Zhang BJ, Li ], Zhang ZL, Wang K, Chen QL. Simultaneous design of heat
exchanger network for heat integration using hot direct discharges/feeds
between process plants. Energy 2016;109:400—11.

Cheng SL, Chang CT, Jiang D. A game-theory based optimization strategy to
configure inter-plant heat integration schemes. Chem Eng Sci 2014;118:
60—73.

Nash JF. Non-cooperative games. Ann Math 1951;54:286—95.

Hiete M, Ludwig ], Schultmann F. Intercompany energy integration - adap-
tation of thermal pinch analysis and allocation of savings. J Ind Ecol 2012;16:
689—-98.

Chew IML, Tan R, Foo DCY, Chiu ASF. Game theory approach to the analysis of
inter-plant water integration in an eco-industrial park. ] Clean Prod 2009;17:
1611-9.

Yue D, You F. Fair profit allocation in supply chain optimization with transfer
price and revenue sharing: MINLP model and algorithm for cellulosic biofuel
supply chains. AIChE ] 2014;60:3211—-29.

Torres Al, Stephanopoulos G. Design of multi-actor distributed processing
systems: a game-theoretical approach. AIChE ] 2016;62:3369—-91.
Bandyopadhyay S, Varghese ], Bansal V. Targeting for cogeneration potential
through total site integration. Appl Therm Eng 2010;30:6—14.

Quintas LG. A Note on polymatrix games. Int ] Game Theor 1989;18:261—-72.


http://refhub.elsevier.com/S0360-5442(18)30124-5/sref1
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref1
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref1
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref2
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref2
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref2
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref2
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref3
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref3
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref3
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref4
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref4
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref4
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref5
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref5
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref5
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref6
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref6
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref6
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref6
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref7
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref7
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref7
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref7
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref8
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref8
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref8
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref9
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref9
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref9
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref9
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref10
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref10
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref10
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref10
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref11
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref11
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref11
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref11
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref12
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref12
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref12
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref12
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref13
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref13
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref13
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref13
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref14
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref14
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref14
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref14
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref15
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref15
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref15
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref15
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref16
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref16
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref17
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref17
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref17
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref17
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref18
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref18
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref18
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref18
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref19
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref19
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref19
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref19
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref20
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref20
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref20
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref21
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref21
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref21
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref22
http://refhub.elsevier.com/S0360-5442(18)30124-5/sref22

	Game-theory based optimization strategies for stepwise development of indirect interplant heat integration plans
	1. Introduction
	2. Sequential optimization procedure
	3. Indirect integration via heating and cooling utilities (procedure I)
	3.1. Step Ii: determine the minimum total utility cost
	3.2. Step Iii: set the optimal trade prices
	3.2.1. Payoff matrices and strategy vectors
	3.2.2. Trade prices under Nash equilibrium constraints

	3.3. Step Iiii: identify the optimal matches
	3.4. Step Iiv: generate the optimal interplant HEN structure
	3.5. An illustrative example of procedure I
	3.5.1. First step of procedure I
	3.5.2. Second step of procedure I
	3.5.3. Third step of procedure I
	3.5.4. Fourth step of procedure I


	4. Indirect integration via intermediate fluid (procedure II)
	4.1. Step IIi: determine the minimum total utility cost
	4.2. Step IIii: set the optimal trade prices
	4.3. Step IIiii: identify the optimal matches
	4.4. Step IIiv: generate the optimal interplant HEN structure
	4.5. Illustrative example of procedure II
	4.5.1. First step of procedure II
	4.5.2. Second step of procedure II
	4.5.3. Third step of procedure II
	4.5.4. Fourth step of procedure II


	5. Case studies
	5.1. Process data
	5.2. Procedure I
	5.3. Procedure II
	5.4. Cost analysis

	6. Conclusions
	Nomenclature
	References


