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Abstract: In the process industry, a large amount of low-grade waste heat is discharged into the
environment. Furthermore, district heating and cooling systems require considerable low-grade
energy. The integration of the two systems has great significance for energy saving. Because the
energy demand of consumers varies in periods, the design and operation of an industrial waste heat
recovery system need to match with the fluctuations of district energy demand. However, the
impact of the periodic changes on the integration schemes are not considered enough in existing
research. In this study, a framework method for solving above problem is proposed. Industrial
waste heat was integrated with a district heating and cooling system through a heat recovery loop.
A three-step mathematical programming method was used in design and operation optimization
for multiperiod integration. A case study was conducted, and the results show that the multiperiod
optimization method can bring significant benefits to the system. By solving the mixed integer
nonlinear programming model, the optimal operation plans of the integration in different periods
can be obtained.

Keywords: waste heat; district heating and cooling; Heat Integration; multiperiod

1. Introduction

In the process industry, a large amount of waste heat usually exists. According to the
different temperature levels, industrial waste heat can be divided into high-grade waste
heat, medium-grade waste heat, and low-grade waste heat. Although there are no
determinate boundaries between these three levels, it is acceptable that 650 °C and 230 °C
are the dividing points [1]. As an effective method to reduce energy consumption, heat
integration (HI) has been studied in depth in the past 40 years [2]. Such methods led to
significant energy saving in the process industry around the world. The very first work
involving HI was about heat exchanger network (HEN) synthesis. There are two
mainstream methods for the design of HENs: pinch analysis (PA) and mathematical
programming (MP). The former is based on thermodynamic principles and a graphical
method [3], and the core of the latter is superstructure formulation, whereby the
generalized superstructure [4] and the stage-wise superstructure are widely used [5]. In
the process industry, high-grade and medium-grade waste heat can be effectively utilized
by HENSs. In addition, these two grades of waste heat can also be recovered for steam
production by a waste heat boiler [6]. However, since heat sinks that need low-grade heat
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are rare, most low-grade waste has to discharge into the environment, causing serious
energy waste [7]. In Europe, the amount of low-grade heat consumed by the chemical
industry is up to 1142 PJ every year, while 20-50% of it eventually becomes waste heat [8];
According to the estimation method of Fang et al. [9], 760 GJ (a coal equivalent of nearly
260 million tons) of low-grade waste heat is lost in northern China every year.

Due to the above-mentioned reasons, effective utilization of low-grade waste heat
has become a hotspot of research. Huang et al. [10] comprehensively summarized the
technologies of low-grade waste heat utilization and classified these technologies into two
categories: “heat upgrading” and “heat converting”. The heat pump is the most popular
“heat upgrading” technology. It takes high-grade energy as the driving force to convert
low-grade heat into higher-grade heat. The “heat converting” technology can transform
waste heat into mechanical work via thermodynamic cycles, and then electricity can be
generated. There are three kinds of thermodynamic cycles that are usually used: organic
Rankine cycle [11], Kalina cycle [12], and trilateral cycle [13]. Although these technologies
have been researched intensively, the efficiency of low-grade waste heat utilization is still
relatively low due to strict thermodynamic constraints.

In recent years, the integration of low-grade industrial waste heat into district heating
and cooling (DHC) systems has become an attractive option. The DHC system delivers
steam, hot water, or cold water from a central energy station to consumers via large-scale
underground pipeline networks. DHC systems have developed in three generations. The
media adopted for district heating (DH) are steam, pressurized hot water, and
atmospheric hot water. The method of district cooling (DC) has changed from
transporting refrigerant to delivering cold water. Technologies such as natural cooling
from lakes and absorption refrigeration have gradually been applied [14]. Therefore, more
non-fossil-fuel energy sources can be integrated with the DHC systems in the future [15].
In the fourth-generation DHC system, utilization of low-grade industrial waste is more
promising. The advantages of integrating low-grade industrial waste heat into the DHC
system include improving energy efficiency, reducing fossil fuel combustion and
greenhouse gas emissions, and saving a large amount of cooling water.

A number of studies were reported on utilizing industrial waste heat in DH systems.
Tveit et al. [16] proposed a system framework for analyzing the integration of large-scale
energy systems. They designed a flexible heat exchanger network with bypasses for the
integration of four waste heat streams in a paper plant into a DH system. Their work was
constructive in the early research on the integration of low-grade waste heat with DH
systems, but they did not utilize waste heat for district cooling. Kapil et al. [17] proposed
a method to identify the quantity and quality of waste heat from the total site that can be
utilized in a DH system. Their method is based on economic benefit evaluation. They
emphasized the influence of distance factors, operating conditions, and economic
parameters on the economic benefits of the integration, but a concrete scheme for the
integration including HEN was not designed. Fang et al. [9] combined the low-grade
waste heat of two plants (a copper smeltery and a cement plant) for district heating. A
total of 1896 m3/h of hot water at about 80 °C can be obtained using their program of waste
heat recovery. They discussed the three key issues related to using low-grade industrial
waste heat for district heating in their subsequent work [18]: (1) “tangency technology” (a
method similar to PA) was applied for the collection of multiple-grade waste heat sources;
(2) technologies such as heat pump were suggested for long-distance delivery of waste
heat; (3) a combined heat and power (CHP) plant was recommended for peak shaving.
Wang et al. [19] improved the “tangency technology” using the exergy analysis method.
Fit6 et al. [20] discussed two design directions for the design of a waste heat recovery
system for DH: energy-based and exergy-based optimal design. The methods of the above
two studies can provide a clear energy target for integration, but the cost target and
economic-related factors were not discussed enough. Recently, Khosravi et al. [21]
suggested that the waste heat from data centers and fifth generation (5G) smart poles can
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be recovered for DH networks, and they confirmed the feasibility of utilizing low-grade
waste heat in future urban smart thermal grids.

Another effective method to utilize low-grade industrial waste heat is absorption
refrigeration [12]. Through this technology, low-grade waste heat can be used in DC
systems. A comprehensive review of this technology can be found in the work of Srikhirin
et al. [22]. According to the total site heat integration (TSHI), Liew et al. [23] used low-
grade waste heat in the site to drive the absorption chiller. Combined with the electric
compression chiller, a lower cost was achieved in the case study.

Although many studies were presented on the utilization of low-grade industrial
waste heat in DHC systems, almost all of them separately discussed waste heat utilization
in DH systems or DC systems. In practice, both the heating demand and the cooling
demand of consumers vary in different periods; thus, DH and DC systems should be
considered simultaneously. Therefore, different heat recovery schemes for industries and
different energy supply schemes in DHC systems are required in different periods. As the
important methods of HI, PA and exergy analysis have been widely applied, but it is
difficult for them to deal with complex problems involving multiple parameters and
multiple dimensions. In cases with multiperiod HI, the compatibility of operation
schemes in different periods is important. Therefore, the above methods are not suitable.
To solve the above problem, a three-step method based on mathematical programming is
proposed in this paper. This method is an extension of our previous work in a conference
paper [24]. In previous work, a scheme for DHC systems was not involved. By applying
this method, the design and operation optimization of the heat recovery system and DHC
can be obtained, and the operating parameters in each period can be determined.

2. Problem Statement

In the production area of a plant, there are several hot streams that need to be cooled.
The low-grade waste heat of hot streams is originally discharged into the environment by
cold utility. In this study, waste heat was integrated with the DHC system through a heat
recovery loop (HRL), as shown in Figure 1. Hot water was chosen as the intermediate
fluid. In order to establish this indirect HI, a small station for placing absorption chillers
was built on the empty land near the plant. There was a long distance between the
production area and the station. A pump was used to transport hot water in the HRL. This
is called the “waste heat recovery (WHR) system” in this paper. After recovering the waste
heat, hot water with a higher temperature is received, which can be directly used in
district heating or to drive the operation of the absorption chiller. This is referred to as the
“district energy supply (DES) system” in this paper.

Hot streams

[o0]
Heat * 'y
Q% Qo

exchangers  °

° L7 | Absorption
chiller
Hot water Pump L

& s

Production area Station

Figure 1. The indirect integration between waste heat and the district heating and cooling (DHC)
system.

A number of consumers with heating or cooling demands exist in the region around
the plant. Normally, the amount of waste heat from industries cannot satisfy the demands
of all consumers; thus, the heating and cooling duties of the plant were determined in the
first step of this study. In the WHR system, not all the waste heat is economic for recovery
considering costs related to pumping, piping, and heat exchange. Only when the benefit



Energies 2021, 14, 2190

4 of 23

is greater than the cost should the waste heat of the hot stream be recovered. Therefore, it
is necessary to consider both cost and benefit in the objective function, as shown in
Equation (1). By formulating and solving the mixed integer nonlinear programming
(MINLP) model, a two-period HEN structure and the heating and cooling potential can
be obtained. The mathematical model is introduced in Section 3.

min {TAC = Ceu 4 (Cexchanger  (Cstation 4 (Cpipe,loop 4 Cpump — IDHC}, (1)

where TAC is the total annual cost in the first step, C is the cost of cold utility that is still
needed, Cexhanger js the capital cost of heat exchangers installed to recover waste heat, Cstetior
is the capital cost of the station, including the cost of the absorption chiller, Crireloor and
Crum are the capital cost of pipeline and the cost of pump in the HRL, And IPHC is the income
of the plant by district heating and cooling. In all cases, capital costs are annualized.

Since each consumer has a different heating/cooling demand and distance to the
plant, it is necessary to determine the suitable consumer for providing energy. Therefore,
the second step of this study was to determine the match between industry and
consumers. In a district energy system, the peak periods of heating and cooling are winter
and summer. Some types of buildings (such as hospitals and data centers) have cooling
demand throughout the year. Considering the above situation, the low-grade waste heat
resource of the plant was used for district heating only in winter and district cooling
throughout the year. It should be noted that the cooling demand is the highest in summer
and lowest in winter, while the cooling demands in spring and autumn were assumed to
be the same in this work.

There are two major costs in a DES system: the capital cost of pipelines between the
energy station and consumers, and the capital cost of the absorption chiller. Both are
directly related to the capacity of energy supply [25] (the cost of the absorption chiller is
included in the cost of the station Cstior). In order to determine the optimal scheme of
energy supply, the objective function of the second step was to maximize the total profit
of DES system, as shown in Equation (2). To avoid complexity in calculation, in this step,
the operation in industry was not optimized.

min {TAP = JDHC — (Cpipe DHC — Csmtion}, (2)

where TAP is the total annual profit of the DES system, and CrirePHC is the capital cost of
pipelines in the DHC system.

After the second step, the total heating or cooling capacity of the DES system in each
period is known, but this does not mean that the operating scheme of the WHR system is
fixed. Chang et al. [26] emphasized that there is a tradeoff in the HRL between the heat
exchanger cost and the distance-related cost when the capacity of heat recovery is
determined. Therefore, the third step of this study was to optimize the multiperiod
operation schemes of the WHR system under a certain energy supply task. In this step,
the energy supply constraint in each period was added into the model of the first step.
The items Csttion and IPHC that were determined in the second step were deleted in the
objective function, which is expressed by Equation (3).

min {TAC’ = (Ceu 4 (Cexchanger 4 (Cpipe,loop + Cpump}, (3)

where TAC’ is the total annual cost in the third step.

In summary, this work was carried out in three steps: (1) determination of the heating
and cooling potential of a plant; (2) determination of the regional energy supply objects
in each period; (3) design and operation optimization of the multiperiod HRL under the
definite energy supply task.
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3. Mathematical Formulation

In this paper, hot streams of the plant are defined by index 7, I € [, I = {H1, H2, ...,
Hm}, periods are defined by index s, s € S, S = {spring, summer, autumn, winter}, and
consumers are defined by index j, j € ], J={N1, N2, ..., Nn}.

3.1. The First Step

In the DHC system, peak periods of heating and cooling are winter and summer.
Therefore, for the convenience of expression, s = winter represents the period with the
maximum heating potential, and s = summer represents the period with the maximum
cooling potential.

3.1.1. Model of Absorption Chiller

Although dozens of compounds have been suggested as absorbents or refrigerants,
the commonly used working fluid pairs of absorption refrigeration are still H:O/NHs and
LiBr/H2O [22]. Compared with LiBr/H.0O, H.O/NHs requires a higher heat source
temperature, while the double-effect and triple-effect absorption chillers require a higher
heat source temperature than single-effect ones [27]. In order to utilize low-grade waste
heat as much as possible, a single-effect LiBr-H20 absorption chiller was selected in this
study.

The COP (coefficient of performance) of the chiller is an important variable in
absorption refrigeration. It is acceptable that the electricity consumed by the chiller can be
ignored, whereby the cooling output of a single-effect LiBr/H:O refrigerator is calculated
using Equation (4) [28].

anld - COPS . levvvr, (4)

recover

where Q™ is the cooling output of the chiller, and Q" is the capacity of the waste heat
recovered. As mentioned, absorption refrigeration works in three periods: spring,
summer, and autumn (only s = summer is involved in Section 3.1); thus, the subscript of
the periodic element was added to the related symbols in this section.

Wang et al. [28] explored the variation in COP of a single-effect LiBr/H2O refrigerator
at three evaporator temperatures (5 °C, 8 °C, and 11 °C). Pressurized hot water at 100-150
°C was used as the heat source in their study. In this paper, the temperature of the
evaporator was selected as 5 °C. In this condition, there is a nonlinear relation between
COPs and the temperature of hot water entering the chiller T [28]; accordingly,
piecewise linearization should be used to describe this relationship, as expressed as
Equation (5).

In mathematical programming, Equation (5) is replaced by Equations (6)—(12).

In the simulation conditions of Wang et al. [28], there is a one-to-one correspondence
between T."""" and the temperature of hot water leaving the chiller T, According
to their data, the relationship between """ and T is shown in Figure 2. It can be
seen that there is an obvious linear relationship between ToMer and T Equation
(13) can be obtained by linear fitting.

(0.0437-TSW'C’”'””'L'" — 4217 (100 < TWehillerin < 110),
COpa 4 0.0082 - T,Wwehillerin. _ 0312 (110 < T,Wemlerin < 120), s
s—l 0.0043 ‘Tsw,chiller,in — 0.156 (120 < Tsw,chiller,in < 130)’ ( )
l0.0018 - 7, werilierin _ 488 (130 < T,™<chillerin < 150),
yas- 100 < ot < yas - 110, (6)

ybs - 110 < T < b - 120, @)
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yos - 120 < TV <yes - 130, (8)

yds - 130 < T < yds - 150, 9)
yas+ybs+ycs+yds=1, (10)

ekl _ pedhiivg | qedilain | pckliine | qodileind (1)

COP; = (0.0437-T*""* — g, - 4.217) + (0.0082-T"""""" — yb. - 0.312) +

o,chiller,in,c v, chiller,in,d 12
(0.0043- T — yc, - 0.156) + (0.0018-T*""* — yd, - 0.488), (12)

where yas, ybs, ycs, and yds are binary variables (0 or 1), while T2, Tyt ot

chiller,in

and T are the piecewise elements of T: .

Tzu,chi/ler,nut — 0.426 . rT:u,c/xiHur,in + 528. (13)

The investment of the station including the capital cost of the absorption chiller is
calculated using Equation (14).

Cstation = Af - (b1 + b2 - Q™) (s = summer), (14)

where Af is the annual factor, and b1 and b2 are the parameters of the cost of the small
station.

125

120

115

110

chiller,out

;2 105

TS

100

95

90

100 110 120 130 140 150

Tw,z;hrl/er.m
p
Figure 2. The relationship between T:"""" and T [28].

3.1.2. Model of HEN

In the WHR system, the stage-wise superstructure [5] is adopted to formulate the
heat exchanger network, which is shown in Figure 3. The parameters T;"", Tiso« I, and F\°
are the initial temperature, target temperature, and flow capacity of hot stream i,
respectively. The variables To*™", To"™" and m"" are the inlet temperature, outlet
temperature, and mass flow rate of hot water in period s. me™ and giks represent the mass
flow rate of hot water and the heat load of exchanger for hot stream i at stage k in period
s. Ty, and T represent the temperature of hot stream i and hot water at hot end of
stage k. g;. is the heat load of cooler between hot stream i and cold utility.

The inlet and outlet temperatures of hot streams and hot water in HEN are defined
by Equations (15)—(17).

Th. =T (15)

.1—«;:,51—15\1 _ ]—ZU,HEN,UM ) (16)
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0, HEN ,HEN, in
TNT+l,s =T . 17)

In current DH systems, the temperature of atmospheric hot water sent to consumers
(T is generally required to be higher than 70 °C [14]. The temperature of water sent
back to the station (T."""") is always not lower than 40 °C [15]. In order to reduce the
solution difficulty, the latter temperature was fixed to be 40 °C rather than being a variable
in this work. Therefore, the constraints for the temperature of hot water in the WHR
system in winter are expressed by Equations (18) and (19).

70 < T <100 (s = winter). (18)

TeHEN g0 (s = winter). (19)

w,HEN, out
Ts

. HEN i
T:S ql, ks

Figure 3. The stage-wise superstructure.

In summer, the inlet and outlet temperature of hot water in the HEN are equal to the
temperature leaving and entering the absorption chiller; thus, Equation (20) emerges on
the basis of Equation (13).

TR = 0,426 T +52.8 (s = summer). (20)

The total capacity of waste heat recovered is calculated by Equation (21). cp®
represents the specific heat capacity of water.
Q;’CCOWY — pr . m;u,mml . (]—ZU,HEN,ml[ _ T;U,HEN,M). (21)

Energy and mass balance constraints for hot water and hot streams are expressed by
Equations (22)—(27).

Girs =F - (T = Tio). (22)
ik = cpe m2" (T = T, (23)
RS T (24)

% ik = cp - - (TH - T, (25)

gi =F" - (TN = T7). (26)
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F?s . (]—Jits,in _ rT:Li,md) — Zk qi,k,s + qtl: . (27)

The Big-M constraints for heat loads and temperature approaches are used to
determine the existence of heat exchangers, which are expressed by Equations (28)—(30).

Giks < Zik * qf’s, (28)
dtijs < ;;s - T;:;HEN + (1 - Zi,k) I, (29)
dtirsts < Ty — Teat™ + (1 - zix) T, (30)

where zix is the binary variable to indicate whether the heat exchanger between hot water
and hot stream i at stage k exists. g is the total heat load of hot stream i. dtiks is the
temperature approach between hot stream i and hot water at hot end of stage k in period
s. The parameter [ is the upper bound for temperature difference, which is 250 °C in this
paper. If the heat exchanger exists, the binary variable zix is equal to 1; if the heat exchanger
does not exist, zix can be 0 or 1 in Equations (28)—(30). In order to minimize the cost of heat
exchangers, zik is forced to be equal to 0 by objective function.

The temperature approaches must be greater than the minimum temperature
difference ATwin in order to meet the requirement for heat transfer. This relationship is
shown by Equation (31).

dti,k,s > ATmin. (31)

Equation (32) is employed to calculate the heat transfer area needed for hot water to
recover the heat of hot stream i at stage k in period s (A/;2").

AT = qus (U o+ 1/ ) | LMTDis, 42

where LMTD:iks is the logarithmic mean temperature difference of this heat exchanger. 2"
and A" are the film heat transfer coefficients of hot water and hot stream i.

In order to reduce the solution difficulty, LMTDiks is calculated using the Chen
approximation [29], which is expressed by Equation (33).

LMTDiks = [dtiks -dtik+1s - (dbiks + dtikes)/2]15. (33)

design

In multiperiod HENSs, the design area of exchanger (A;;*") is the maximum area
needed in all periods [30], which is expressed by Equation (34).

design period
A 2 Al (34)

Equations (35) and (36) are used to calculate the cost of cold utility and the capital
cost of heat exchangers, respectively.

Cen = Y35 ycu - (t—f””"‘i/t,‘utal) . qf:’, (35)

Cevchanger = Af - [ -LiZk zik + B - Zil Al ™), (36)

where uet is the unit cost of cold utility. £ and t© are the time of period s and total year.
a, B, and y are the cost parameters of the heat exchanger.

3.1.3. Model of Pipeline

There are two types of pipelines in the HRL: a long pipeline between production area
and station and short pipelines in the production area. This work only considers the long
pipeline, while short pipelines are ignored. Peters et al. [31] provided an equation for
designing the inner diameter of the pipeline using an appropriate velocity. However, the
flow rate of hot water varies in different periods, resulting in a variable velocity. In this
study, the inner diameter of the pipeline takes the maximum value in each period. It is
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indicated that hot water flows at the velocity recommended by Peters et al. only in the
period with the largest flow rate [31]. In other periods, hot water flows more slowly.
Because of the high temperature, desalinated water should be used as the intermediate
fluid; hence, the situation of fouling is ignored in this study. Therefore, the inner diameter
(Din) of the pipeline between production area and station is expressed by Equation (37)
according to the method of Peters et al. [31].

Din = 0.363 - (ml”’“"“l/ps)o-45 - 13, (37)

where ps is the density of hot water. It should be declared that the densities of atmospheric
water and pressurized water are different.

Because the pressurized hot water is used for absorption refrigeration, the schedule
80 steel pipe is employed in HRL. The cost of the pipeline per unit length in HRL (Pcul'r)
was calculated using the method of Stijepovic et al. [32], which is shown by Equations
(38)—(40).

Dout =1.101 - Din + 0.006349. (38)
Wt =1330 - Din2 +75.18 - Din + 0.9268. (39)
Pculloor = g1 - Wt + a2 - Dout®*8 + a3 + a4 - Dout. (40)

The total cost of the pipeline in the HRL is calculated using Equation (41). L' is the
distance between station and production area.

Cpipﬂ,loap = Af 2 .Lloop . Pcyylloop (41)

3.1.4. Model of Pump

In the HRL, the pressure drop of hot water should be overcome by the pump. The

total pressure drop of hot water Ap"™" is expressed in Equation (42).

Apium] =Ap;llstanr5 +Apﬁ~IEN, (42)

where Ap!™™* and Ap!™ are the pressure drop of hot water in the long pipeline and HEN
in period s.

Ap™ is calculated using the Fanning formula. The detailed process of calculation
is not introduced here; a calculation case can be found in [26].

The pressure drop of hot water in the tube side of each heat exchanger (Apii:) is
calculated using the method of Soltani et al. [33], which is shown by Equations (43) and
(44).

Ktiks = (@45 - di05 - us16) - (difde)/[0.02325 - mi;™ + ps - K7 - (cpw)76]. (43)

Apiis = Ktiks - Al - (hoyss. (44)

In the HEN based on the stage-wise superstructure, the pipes of hot water are in a
series—parallel structure, whereas stages are connected in series. Therefore, the total
pressure drop of hot water in the HEN is equal to the sum of pressure drop in each stage
(Api); this relationship is shown in Equation (45).

Ap™ =i Api. (45)
According to the principle of fluid flow, the pressure drops of fluid on branches are

equal in a stable condition. Therefore, the pressure drop of hot water at a stage is equal to
the maximum pressure drop of each branch, as shown in Equation (46).

Api = Tk Apii. (46)
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The power of pump in each period (P*"') and the rated power of pump (Pr) are
expressed by Equations (47) and (48), respectively.

pfurmd - (m:v,tolnl . Apiuml) / ps. (47)
Pmﬁ_ > variod (48)

The cost of pump Cruw is equal to the sum of capital cost and operation cost, which
are calculated using Equations (50) and (51), respectively.

Cpump = Cpump,cap + Cpump,op, (49)
Crump,cap = Af [Cl +c2 (Pmte)cS], (50)
Cpempop = yie - o (P - £7°) / (1000 - 17), D

where c1, c2, and ¢ are the parameters of capital cost of the pump, u¢ is the unit price of
electricity, and 1) is the efficiency of pump.

3.1.5. Calculation of Income

The maximum heating and cooling potentials (QPH " and QPCm«) are represented by
Equations (52) and (53). The total income of the plant in these two periods is calculated by
Equation (54). uP¢ and uPH are the unit prices of heating and cooling respectively.

Qo = QT (52)
QPemar = Qe (53)
JPHC = yyDC . QDC,max . t—:ﬁ;ﬁimgr) + yDH . QDH,max . t—:i:}‘;:m) (54)

3.2. The Second Step

Based on the heating and cooling potential of the plant obtained in the first step, the
classic “knapsack problem” model in integer programming was used to determine the
actual energy supply task in each period. The “knapsack problem” can be expressed as
follows: a traveler has to choose among items with different weights and values, and then
put the selected items into a knapsack with a certain capacity, where the maximum total
value of selected items is expected. In this study, the plant is the “knapsack”, and
consumers are the “items” to be selected.

In the second step, all the period-related elements were included. In a DHC system,
the loss of heat and cold are often more than 10% in the distribution network [15]. The
difference between the actual capacity of heat/cold supplied to consumer j from plant (E
") and the demand of consumer j (Es") cannot be ignored. The loss of energy per unit
distance in DHC system can be taken as 1%/km [17]. Equation (55) is used to express the
relationship between E*"* and E/:* . L™ is the distance between the plant and
consumer j.

E™ = E;X/[0.99¢ " nowy], (55)

According to the “knapsack problem” model, the binary variable yiﬁ”ﬂy
selection of consumers, which is shown in Equation (56).

is used for the

QPtmax (s = spring, summer, autumn),

L Supply | psupply
Z]]/ Ej/s < { QDC,max(S = winter)

Jis

(56)

In a DHC system, the temperature difference between supply and return of water in
the DC system is much smaller than that in the DH system, which means that the
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diameters of pipelines in the DC system is often significantly larger than that in the DH
system [15]. Therefore, the pipelines cannot be shared by these two systems. However,
Best et al. [34] proposed that the flow rate of water transported by the pipeline with a
certain diameter can be within a range in a DHC system; that is, the minimum flow rate
should be greater than 0.475 times the maximum flow rate. This recommendation makes
it possible to combine the pipeline for district cooling in spring/autumn and summer. In
this study, the supply and return temperature of cold water in DC system were set to 7 °C
and 12 °C. Therefore, the flow rate of cold water supplied to each consumer is proportional
to its demand of cooling. When the demands of a consumer in periods are given, it can be
known whether it is feasible that the DC pipeline can be shared in spring/autumn and

summer. This possibility is expressed by the binary parameter y""", which is shown in

Equation (57).
L l .
Y = 0 (EjZepring < 0475 - EjZti g = spring), (57)
] 1 1 )
1 (Ejsgffpimg = 0.475 - Ejf;lffpiing = spring).

When consumer j is cooled by the plant in spring/autumn, if it is also cooled in
summer, and the condition ;""" =1 is satisfied, the pipeline of consumer j can be shared
in spring, summer, and autumn. Therefore, on the condition that the combination of DC
pipeline is considered, the total capital cost of pipelines in the DHC system Crire PHC can be

calculated using Equations (58)-(61).

(Cpripe, DHC = (Cpipe, DHC winter 4 (Cpipe, DHC ,summer + (Cpipe, DHC, spring, (58)
Cpive, DHC.winter — Y7 supply Leomsemer P JPHC
’ . - ]y],s:winter ( ‘j cu j,s:winter)r (59)
- _ v, supply consumer DHC
Coine DHGsummer = Xyt (L Pey [P, (60)
. N supply combine supply consumer DHC
C’”VE’ DHC, spring = Z] yj,s:spmg . (1 — y} .y}_[s ) . (L] . Pcul],szspring)l (61)
DHC . . . . ..
where Pcul;™ is the cost of the pipeline per unit length from the plant to consumer j in
period s.

The calculation methods for the cost of pipeline in the DHC system and in the HRL
are different. Best et al. [34] provided a range of flow rates of water corresponding to a
series of inner pipeline diameters in a DHC system. The inner diameter is the unique
variable of the cost of pipeline per unit length (Pcul;.), while the relationship between
Pcul; and E™ can be obtained indirectly according to the data of Best et al. [34]. It
should be explained that, because the supply and return temperatures of cold water in a
DC system are fixed, the mass flow rate of cold water supplied to a certain consumer is
constant. The maximum flow rate in the range can be adopted to determine the
relationship between Pcul;"“ and E;". However, the supply temperature of hot water in
a DH system (namely, T.""""" in this paper) is a variable to be optimized that ranges from
70 °C to 100 °C. Because the return temperature was set to 40 °C, the difference between
the supply and return temperatures of hot water ranges from 30 °C to 60 °C. It is indicated
that the maximum flow rate of hot water can reach twice the minimum value in conditions
of a certain heating capacity. Therefore, the average flow rate of the range should be
adopted to determine the relationship between PculﬁHC and E;” ¥ for the DH system. Since
the data provided by Best et al. [34] are in a large range, the fitting range should be
narrowed when E;.” ¥ is known in order to reduce the error of the relationship as much as
possible. In Section 5, an equation of the relationship between Pcul;, and E;™ is
provided in a case study.

In the second step, the optimal scheme for the DES system in each period can be

obtained. The total capacity of energy supplied (E."") is expressed by Equation (62).
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Emzm =Y ysu;);)h/ . upp1 v (62)
The total income of the plant in this step is calculated using Equation (63).

_ supply need period supply need period
JPHC = yDC - (X v/ B opring) 1 +UPC - (L Yy ammer * Ejo ) -t

s=spring j,s=spring, s=spring j,s=summer s=summer

(63)

Supply need period supply need eriod
+ ubcC - (Z y/ s=autumn Ej,s:amumn) t*iu(umn + uPH . (Z] y,; winter Ej,s:wimer) 'tf:wintep

3.3. The Third Step

The set of periods in the third step is as follows: S = {spring, summer, autumn,
winter}. The constraint of the energy supply task of plant in each period obtained in the
second step is added into the model, which is shown by Equation (64); then, the
optimization of the operation scheme for the WHR system can be carried out. The rest of
the model is the same as the first step.
Etulul —

s

{COPS - QIecover (s = spring, summer, autumn), 64)

Qrecover (s = winter).

4. Solution Strategy

The MINLP model in this paper is very complex, and many nonlinear terms are
involved in the model; therefore, it is very difficult to obtain a good solution. In order to
overcome such a problem, two methods are adopted in this paper.

First, the linearization of the cost of pipeline in the HRL is employed. It can be found
that the inner diameter of pipeline Din is the unique variable for Pcullr. Hence, the linear
fitting of Pcul' can be performed taking Din as the variable, and the nonlinear Equations
(38)—(40) can be replaced by a linear equation to reduce the complexity of calculation.

Second, because the cooling capacity in spring and autumn is less than that in
summer, the solution process of the third step can be divided into two sub-steps. Only
summer and winter are involved in the first sub-step. In the second sub-step, according
to the results obtained in the first sub-step, the upper bound of the heat exchanger areas
and the upper bound of the pump rated power are given. The optimization of schemes in
spring and autumn can be conducted individually. In the objective function of the second
sub-step, the capital costs of heat exchangers and pump are not involved.

The solution of the MINLP model can be made much easier by these two methods.

5. Case Study
5.1. Data

In this case, there are 10 hot streams in the plant; the data are shown in Table 1.

Table 1. The data of hot streams.

i " (°C) T (°C)  F° (kW/°Q) g (kW) K (kW/m2°K)
Hi1 140 75 24 1560 2
H2 186 68 34 4012 2
H3 200 105 38 3610 2
H4 144 40 30 3120 2
H5 175 93 30 2460 2
Ho6 160 42 40 4720 2
H7 153 56 32 3104 2
H8 130 50 35 2800 2
H9 100 80 54 1080 2
H10 95 35 26 1560 2

There are eight consumers in the region; the data are shown in Table 2.
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Table 2. The data of consumers.
- Er" (kW)
j L™ (m) . - ;
s = Spring s = Summer s = Autumn s = Winter

N1 5200 0 0 0 4000 0
N2 6300 1000 2500 1000 2000 0
N3 7000 0 1800 0 3000 0
N4 7900 0 0 0 7000 0
N5 9500 2000 4000 2000 5000 1
N6 10,400 1800 2000 1800 6000 1
N7 11,000 0 0 0 8000 0
N8 11,800 0 3500 0 5000 0

The time of each period and the physical properties of water in each period are

presented in Table 3.

Table 3. The period-related data.

s £ (h) ps (kg/m3) #s (mPa-s)
spring 1500 945 0.242
summer 2880 945 0.242
autumn 1500 945 0.242
winter 2880 980 0.430

Other physical parameters and economic parameters are listed in Tables 4 and 5.

Table 4. Physical parameters of the case.

Items Remarks Data
ATwin Minimum approach temperature difference 10 °C
hv Film heat transfer coefficient of hot water 1.5 kW/m2-°C
cpe Specific heat capacity of hot water 4.2 KJ/kg-°C
] Viscosity correction factor 1.05
k Conductivity 0.6 W/m-°C
di Tube internal diameter of heat exchanger 15.4 mm
de Tube external diameter of heat exchanger 19.1 mm
Lloop Distance between station and production area 400 m
n Pump efficiency 0.7
Table 5. Economic parameters of the case.
Items Remarks Data
Af Annualized factor [26] 0.264
@ 11,000 $
B Cost parameters of heat exchanger [32] 150 $/m?
y 1
Zi Cost parameters of cooling station [25] 288'523‘/3
m 0.82 $/kg
a . 185 $/m148
- Cost parameters of pipe [32] 6.8 %/m
as 295 $/m?
c1 8600 $
2 Cost parameters of pump [35] 7310 $/Wo2
c3 0.2
uer Unit price of cold utility [26] 15 $/kW-y
ue Unit price of electricity [26] 0.1 $/kW-h
ubc Unit price of cooling [15] 60 $/MW-h
yPH Unit price of heating [15] 100 $/MW-h
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According to the demand information of consumers in this case, Equation (65) can be
obtained by fitting the data provided by Best et al. [34].

2

s'upply sum?ly
— 0.4213 - (’1‘50 = ) + 8.752 - <’f >+ 164.7 (s = spring, summer, autumn),

000

(65)

psupply\ 2 ESUPPLY
—0.1356 - (”S > + 3.519 - <”s > + 156.4 (s = winter).
1000 1000

According to the first solution strategy, the approximate linear relationship between
Pcullor and Din can be obtained, as shown in Equation (66). Equations (37)—(40) can be
replaced by Equation (66).

Pculloor =1410.8 - Din — 86.31. (66)

5.2. Results

In this study, the MINLP model of each step was solved using the DICOPT solver of
GAMS software [36] on a 3.00 GHz personal computer (PC) with 16 GB random-access
memory (RAM). The computational time of the three steps was 11.2's, 0.4 s, and 4.6 s,
respectively. The results of the first step are shown in Figures 4 and 5 and Table 6. In the
HEN, the waste heat of all hot streams is recovered. There are 13 heat exchangers; 11
exchangers (blue) operate for the maximum cooling potential, and 12 exchangers (red)
operate for the maximum heating potential. The district heating potential of the plant is
QpHma = 27,016 kW, while the district cooling potential is QPC"= = 8641 kW.

Table 6. Operation parameters of the first step.

w,total ,HEN,in ,HEN, out eriod recover DH DC
m. T T: P Q: Q. Q.

s COP;
(kg/s) (°C) (°Q) &KW) (kW) (kW) (kW)
summer  177.4 40.0 75.7 4204 27,016 27,016 - -
winter 180.2 103.9 121.0 5348 12,744 - 8641  0.678

The scheme obtained in the second step for the DES system is shown in Table 7, in
which “--” means that the consumer has no cooling or heating demand, while “0”
represents that the consumer has cooling or heating demand but it is not supplied by the
plant. In this scheme, the actual total heating capacity of the plant in winter is 26,229.1
kW, and the actual total cooling capacity in summer is 8552.3 kW. The actual capacity of
energy supply reaches more than 95% of the potential. In spring and autumn, the total
demand of cooling in this region is relatively small and can be fully supplied by the plant
(5264.1 kW).

The operation scheme for the WHR in the year is provided by the third step, which
is shown in Figures 6 and 7 and Table 8. There are 11 heat exchangers; six exchangers
(green) operate in spring and autumn, nine exchangers (blue) operate in summer, and 10
exchangers (red) operate in winter.
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Figure 4. The heat exchanger network (HEN) of the first step.
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Figure 5. Heat load of heat exchangers in the first step.
Table 7. The result data of the second step.
yfuﬂply . ES_upply (kW)
. s 1S
J s = Spring s = Summer s = Autumn s = Winter
N1 - - - 4214.6
N2 1065.4 0 1065.4 0
N3 - 1931.2 - 0
N4 - - - 7578.4
N5 2200.4 4400.7 2200.4 5500.9
Ne6 1998.3 22204 1998.3 0
N7 - - - 8935.2
N8 - 0 - 0
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Table 8. Operation parameters of the third step.
w total HEN, in HEN, out eriod recover
s . . Q COP:
(kg/s) (°C) (°O) (kW) (kW)
spring and autumn  156.6 101.5 114.3 3.659 8420.0 0.625
summer 156.3 105.2 124.0 4.391 12,341.0 0.693
winter 160.4 40.0 78.9 5.097 26,229.1 0
| | |
75C <o — Elm.am’ } FHL 140 ¢
68 C <@ : 52 27m : :"2 186 C
| E4 71.9m? | E3 |
105 C <0 : i +H3- 200 ¢
v | ES 114.6 m? | | H4
0T <o t - 1aa
E6
93 C <@ : <> 1019 m : : HS_ 475 C
E7
42 <o ! 1598 m? ! e 4g0c
| 8 | |
56 C <0 @ rem I L7 53¢
| E9 | |
50 T <o —1 1270m | LH8_ 430 ¢
| E10, . | |
80 ¢ <—o—! " | LHO 400 C
| EN | |
35 C <—o—+ | JH10 o5 ¢
o | 57.2m? |
(Long distance) mg' | | |
Q Pgerlod T s'HEN', : GB 65 : 117.5m2 : T‘:’"EN'OW
| ‘9 I Qiks !
O Operate in spring & autumn | GD | |
. Operate in summer : GD G, : :
@ Operate in winter : 65 9 : :
O Shut down | q 69 | |
Figure 6. The HEN of the third step.
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Figure 7. Heat load of heat exchangers in the third step.
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Economic data of the second and third steps of this case are shown in Table 9.

Table 9. The economic data.

PHC (USD) CrireDHC (USD)
9,953,280 3,168,591
C (USD) Cexchanger (USD)

185,439 75,447

(Cstation (USD)
1,007,949
Crivelooy (USD)
96,061

TAP (USD)
5,776,740
Crump (USD) TAC’ (USD)
18,312 375,259
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5.3. Discussion

In this case, it can be calculated that, when the low-grade waste heat is not recovered,
the annual cost of cold utility is 4.204 x 105 USD. By integrating waste heat with the DHC
system, this number drops to 1.854 x 105 USD with a decrease of 55.9%. Especially in
winter when the capacity of waste heat utilization is the largest, the cost of cold utility
drops from 1.401 x 10> USD to 8.985 x 10° USD, with a decrease of 93.6%. The annual
income of the plant by district heating and cooling is up to 9.953 x 10¢ USD. The above two
parts of revenue indicate that the annual benefit of the integration amounts to 1.019 x 107
USD, while the total annual cost is 4.366 x 10¢ USD; therefore, the annual profit of the plant
is 5.822 x 106 USD. It is proven that there is a strong motivation to integrate low-grade
waste heat into the DHC system.

The district cooling potential of the plant QP is only about one-third of the district
heating potential QP! There are two reasons for this difference. First, the hot water
used for absorption refrigeration requires a higher temperature (>100 °C); therefore, less
heat can be recovered. In this case, the temperature of hot streams H9 and H10 cannot
meet the requirement of refrigeration; their heat is not recovered in spring, summer, and
autumn. Second, the COP of a single-effect LiBr/H20 absorption chiller is lower than 1.0;
therefore, the cold capacity is less than the heat recovered. Both reasons make QP+ lower
than QPHmex If it is desired to obtain a large cooling capacity, the temperature of hot water

entering the chiller T (namely, the outlet temperature of hot water in HEN T:"*""")

w,chiller,in

should be in a moderate range. It can be seen from Equation (5) that, when T
increases, COPs increases rapidly at first, and then increases slowly. Although the

efficiency of the chiller increases simultaneously, the corresponding temperature of hot

o,chiller,out HEN,in )

water leaving the chiller T; (i.e., the inlet temperature of hot water in HEN T¢’
rises correspondingly, leading to a reduction in recovered heat. Therefore, there is an
optimal temperature of hot water entering the chiller to ensure the largest cooling
capacity.

It can be calculated that the energy loss in the DHC system is about 9%. By
considering energy loss and piping cost, consumers with low energy demand and long
distance from the plant, such as consumer N8 in winter, are not recommended to be
supplied by the plant. A consumer where the cooling demand in spring/autumn is close
to the demand in summer, such as consumers N5 and N6 in this case, is suggested to be
preferentially supplied by the plant. This can be explained as follows: the DC pipeline can
be shared in three periods, whereby more benefit can be acquired under the same
investment.

In this case, there is a wide range of temperature of heat streams. If there is only one
stage in HEN, the cascade recovery of waste heat cannot be realized. When the number of
stages grows, the hot water flows in multistage series and the pressure drop increases,
whereby a greater cost of pump is needed. Combining the above two factors, it is
reasonable that two stages exist in the HEN. Two heat exchangers exist in hot stream H3,
since it has the highest temperature and cascade use of heat is needed. In winter, the heat
of hot streams H9 and H10 is used to increase the capacity of heat recovery in the low-
grade stage. At this time, the heat exchanger E4 in the low-grade stage for heat stream H3
is shut down, while the heat of H3 is fully recovered by heat exchanger E3 in high-grade
stage. On the other hand, in spring, summer, and autumn, the temperatures of hot streams
H9 and H10 are too low to meet the requirement of absorption refrigeration; thus, the heat
exchangers E10 and E11 are shut down. At this time, the heat exchanger E4 is turned on
so that the total amount of heat recovery in the low-grade stage increases. The above
operation keeps the ratio of the heat recovery capacity in the two stages basically
unchanged to make the total area smaller.

In the WHR system, the outlet temperature of hot water is an important
variable to be optimized, which has a direct impact on the results. As mentioned, a
medium T should be adopted in summer when the cooling capacity is large. On the
other hand, in spring and autumn, the cooling capacity is relatively small. Because the

Tw,HEN,mzt
s



Energies 2021, 14, 2190

18 of 23

waste heat resource is sufficient in the periods to achieve the required cooling capacity, a
lower T:"™™ can be adopted. Although the COP of the chiller is relatively low, waste
heat can be recovered as much as possible. By doing this, the cost of cold utility can be
reduced. In spring and autumn, the difference between the inlet and outlet temperature
of hot water in HEN is relatively small, and the task of waste heat recovery is completed
in one stage to reduce pressure drop. When the system is operated in winter, a tradeoff
between Cehanger and distance-related cost (including Crirelor and Crenr) under the same
capacity of heat recovery should be made. When TwHEN" is fixed at 40 °C, the heat transfer
temperature difference decreases with the rise in TwHENout, and the total heat transfer area
needed for exchangers increases, so that the Ce@ser increases. Meanwhile, Criveloor and Crump
can be reduced due to the reduction in mw, In this study, the scheme of the WHR system
in winter should cooperate with that in the other three periods, and the temperature of
hot water gained in winter is moderate (78.9 °C). It can be found that the total mass flow
rate of hot water in each season is almost equal, indicating that the velocity of hot water
is appropriate in each period.

In the third step, if the operation scheme of WHR system is not optimized, the waste
heat of hot streams is recovered by hot water in a purely parallel structure. In spring,
summer, and autumn, the inlet and outlet temperatures of the hot water are the same as that
in the first step. In winter, the outlet temperature of hot water is fixed at 85 °C as in [20]. It can
be calculated that the TAC" would change to 381,546 USD, which is greater than the
optimal solution. Therefore, it is of significance to optimize the multiperiod operation
scheme of the WHR system. According to the previous discussion, TUew can be
regarded as the most impactful variable. A sensitivity analysis of Tis,.... and TAC’ was

s=sumimer

performed after the third step. The result is shown in Figure 8. The range of T<\. is

sesummer
. . . ,HEN, : .
relatively narrow. In this case, if the value of T.,,.." exceeds the range in Figure 8, the

district cooling task in summer cannot be accomplished. On the left and right sides of 124
°C in the figure, a higher cost of pipeline and a higher cost of cold utility respectively led
to a worse solution.

386,000

384,000 —

382,000

380,000 —

TAC’

378,000 —

376,000 —

374,000 T T T T T T T T T
116 117 118 119 120 121 122 123 124 125 126

T

W,HEN, out
s=summer

Figure 8. Sensitivity analysis of T: x

= summer.

6. Conclusions

A systematic framework method for utilizing industrial low-grade heat in DHC with
a multiperiod condition was proposed. Both design and operation variables in different
periods could be determined. A case study was carried out, and the results showed that
the heat exchanger network in the WHR system is not a simple parallel structure. A two-
stage series/parallel network of intermediate fluids should be established. In different
periods, the operation plan of heat exchangers should be flexible, while the total flow rate
of hot water should be basically the same. The temperatures of hot water obtained in WHR
(T™™ ™) should be different in periods when the cooling capacities are significantly
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different. In seasons with a larger cooling capacity, . is suggested to be close to 121

°C, while it can take a smaller value in seasons with a smaller cooling capacity. In this
case, the total annual cost of WHR system (TAC’) will increase by more than 6000 USD
without the above multiperiod operation optimization. The cost saving proves the worth
of the third step. In a DES system, priority should be given to the consumers where (1) the
cooling demand in spring/autumn is close to that in summer, and (2) the distance from
the plant is relatively short while the heating demand is large. The economic data of the
case study show that the total annual benefit of the integration is up to 1.019 x 107 USD,
which is greater than the total annual cost 4.366 x 106 USD. Strong motivation for an
integration of low-grade industrial waste heat and a DHC system is indicated.
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Nomenclature

Abbreviations

DES District energy supply

DC District cooling

DH District heating

DHC District heating and cooling

HEN Heat exchanger network

HI Heat integration

HRL Heat recovery loop

MP Mathematical programming

MINLP Mixed integer nonlinear programming

WHR Waste heat recovery

Subscripts

i Hot stream index

j Consumer index

s Period index

Parameters and Variables

Al Area of heat exchanger in period (m?)

AR Design area of heat exchanger (m?)

Af Annual factor

Cen Cost of cold utility (USD)

Cexchanger Capital cost of heat exchangers (USD)

Cripeloop Capital cost of pipeline in HRL (USD)

(Cpipe DHC Capital cost of pipeline in DHC system (USD)
Cpump Total cost of pump (USD)

Cpump.cap Capital cost of pump (USD)

Cpump.op Operation cost of pump (USD)

Cstation Capital cost of the station (USD)

COPs Coefficient of performance of the absorption chiller
cpv Specific heat capacity of water (k]J-kg-°C1)
dtiks Temperature approach of heat exchanger (°C)
E Energy demand of consumer (kW)

E Actual energy capacity should be supplied to consumer (kW)

E™ Total capacity of energy supplied (kW)
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EF Flow capacity of hot stream (kW-°C!)

hv Film heat transfer coefficient of hot water (kW-m=2-°C1)

e Film heat transfer coefficient of hot stream (kW-m=2-°C1)

[pHC Income of the plant by district heating and cooling (USD)

Ltoop Distance between station and production area (m)

L Distance between the plant and consumer (m)

LMTDipks Logarithmic mean temperature difference of heat exchanger (°C)
ot Total mass flow rate of hot water (kg-s™)

mi Mass flow rate of hot water in heat exchangers (kg-s™)

P Power of pump in each period (kW)

Pprate Rated power of pump (kW)

Pculloor Capital cost of the pipeline per unit length in HRL (USD-m™)

Peul;)® Capital cost of the pipeline per unit length in DHC system (USD-m™!)

Giks Heat load of heat exchanger (kW)

i Heat load of cooler (kW)

q- Total heat load of hot stream (kW)

Q" Cooling output of chiller (kW)

Q™ Capacity of the waste heat recovered (kW)

QDCmax District cooling potential of the plant (kW)

(QDH,max District heating potential of the plant (kW)

geret Time of each period (h)

ptotal Time of total year (h)

" Initial temperature of hot stream (°C)

™ Target temperature of hot stream (°C)

5. Temperature node of hot stream in HEN (°C)

T Temperature of hot water entering the chiller (°C)

e Temperature of hot water leaving the chiller (°C)
T Inlet temperature of hot water in HEN (°C)
T Outlet temperature of hot water in HEN (°C)
T Temperature node of hot water in HEN (°C)
TAC Total annual cost in the first step (USD)

TAC’ Total annual cost in the third step (USD)

TAP Total annual profit of the DES system (USD)

uet Unit price of cold utility (USD-kW-'-year™)

ubc Unit price of district cooling (USD-MWh)

ubH Unit price of district heating (USD-MWh 1)

ue Unit price of electricity (USD-kWh )

v Binary parameter for pipeline combination
g Binary variable for energy supply selection

Zik Binary variable for heat exchanger

Ap Pressure drop of hot water in long pipeline (Pa)
Api™ Pressure drop of hot water in HEN (Pa)

App¥ Pressure drop of hot water in each stage (Pa)
Ap?™ Total pressure drop of hot water (Pa)

Apii: Pressure drop of hot water in tube side of heat exchanger (Pa)
ATwmin Minimum temperature difference (°C)

n Efficiency of pump

Us Viscosity of hot water (mPa-s™)

ps Density of hot water (kg-m™)

r Upper bound of temperature difference (°C)

References

1. Ji, C; Qin, Z,; Dubey, S.; Choo, F.H.; Duan, F. Three-dimensional transient numerical study on latent heat thermal storage for
waste heat recovery from a low temperature gas flow. Appl. Energy 2017, 205, 1-12.

2. Klemes, ].J.; Kravanja, Z. Forty years of Heat Integration: Pinch Analysis (PA) and Mathematical Programming (MP). Curr.
Opin. Chem. Eng. 2013, 2, 461-474.

3. Linnhoff, B.; Hindmarsh, E. The pinch design method for heat exchanger networks. Chem. Eng. Sci. 1983, 38, 745-763.



Energies 2021, 14, 2190 21 of 23

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.
27.
28.
29.
30.
31.

32.
33.

34.

Floudas, C.A,; Ciric, A.R.; Grossmann, L.LE. Automatic synthesis of optimum heat exchanger network configurations. Aiche J.
1986, 32, 276-290.

Yee, T.F.; Grossmann, L.E. Simultaneous optimization models for heat integration II: Heat exchanger network synthesis. Comput.
Chem. Eng. 1990, 14, 1165-1184.

Shang, J.; Ji, Z.; Qiu, M.; Ma, L. Multi-objective optimization of high-sulfur natural gas purification plant. Pet. Sci. 2019, 16, 1430—
1441.

Forman, C.; Muritala, I.K.,; Pardemann, R.; Meyer, B. Estimating the global waste heat potential. Renew. Sustain. Energy Rev.
2016, 57, 1568-1579.

Van de Bor, D.M.; Infante Ferreira, C.A.; Kiss, A.A. Low grade waste heat recovery using heat pumps and power cycles. Energy
2015, 89, 864-873.

Fang, H.; Xia, J.; Zhu, K; Su, Y.; Jiang, Y. Industrial waste heat utilization for low temperature district heating. Energy Policy
2013, 62, 236-246.

Huang, F.; Zheng, ].; Baleynaud, ].M.; Lu, J. Heat recovery potentials and technologies in industrial zones. ]. Energy Inst. 2017,
90, 951-961.

Gao, X,; Yin, X,; Yang, S.; Yang, D. Improved organic rankine cycle system coupled with mechanical vapor recompression
distillation for separation of benzene-toluene mixture. Process Integr. Optim. Sustain. 2019, 3, 189-198.

Xia, L.; Liu, R.; Zeng, Y.; Zhou, P.; Liu, J.; Cao, X; Xia, S. A review of low-temperature heat recovery technologies for industry
processes. Chin. |. Chem. Eng. 2019, 27, 2227-2237.

Garcia, S.I; Garcia, R.F.; Carril, J.C.; Garcia, D.I. A review of thermodynamic cycles used in low temperature recovery systems
over the last two years. Renew. Sustain. Energy Rev. 2017, 81, 760-767.

Lund, H.; Werner, S.; Wiltshire, R.; Svendsen, S.; Thorsen, J.E.; Hvelplund, F.; Mathiesen, B.V. 4th generation district heating
(4gdh): Integrating smart thermal grids into future sustainable energy systems. Energy 2014, 68, 1-11.

Li, Y.; Rezgui, Y.; Zhu, H. District heating and cooling optimization and enhancement—Towards integration of renewables,
storage and smart grid. Renew. Sustain. Energy Rev. 2017, 72, 281-294.

Tveit, T.M.; Aaltola, ]J.; Laukkanen, T.; Laihanen, M.; Fogelholm, C.J. A framework for local and regional energy system
integration between industry and municipalities — Case study UPM-Kymmene Kaukas. Energy 2006, 31, 2162-2175.

Kapil, A.; Bulatov, I; Smith, R.; Kim, J.K. Process integration of low grade heat in process industry with district heating
networks. Energy 2012, 44, 11-19.

Fang, H.; Xia, ].; Jiang, Y. Key issues and solutions in a district heating system using low-grade industrial waste heat. Energy
2015, 86, 589-602.

Wang, J.; Wang, Z.; Zhou, D.; Sun, K. Key issues and novel optimization approaches of industrial waste heat recovery in district
heating systems. Energy 2019, 188, 116005.

Fito, J.; Hodencgq, S.; Ramousse, J.; Wurtz, E.; Stutz, B.; Debray, F.; Vincent, B. Energy- and exergy-based optimal designs of a
low-temperature industrial waste heat recovery system in district heating. Energy Convers. Manag. 2020, 211, 112753.

Khosravi, A.; Laukkanen, T.; Vuorinen, V.; Syri, S. Waste heat recovery from a data centre and 5G smart poles for low-
temperature district heating network. Energy 2021, 218, 119468.

Srikhirin, P.; Aphornratana, S.; Chungpaibulpatana, S. A review of absorption refrigeration technologies. Renew. Sustain. Energy
Rev. 2011, 5, 343-372.

Liew, P.Y.; Walmsley, T.G.; Wan Alwi, S.R.; Manan, Z.A.; Klemes, ].J.; Varbanov, P.S. Integrating district cooling systems in
Locally Integrated Energy Sectors through Total Site Heat Integration. Appl. Energy 2016, 184, 1350-1363.

Zhang, L.; Wang, Y.; Feng, X. Design and Operation Optimization of Industrial Waste Heat Recovery for District Heating and
Cooling. In Proceedings of the 23rd Conference on Process Integration, Modelling and Optimisation for Energy Saving and
Pollution Reduction (PRES'20), Xi’an, China, 17-21 August 2020; p. 0265.

S6derman, J. Optimisation of structure and operation of district cooling networks in urban regions. Appl. Therm. Eng. 2007, 27,
2665-2676.

Chang, C.; Chen, X.; Wang, Y.; Feng, X. An efficient optimization algorithm for waste Heat Integration using a heat recovery
loop between two plants. Appl. Therm. Eng. 2016, 105, 799-806.

Arabkoohsar, A.; Andresen, G.B. Supporting district heating and cooling networks with a bifunctional solar assisted absorption
chiller. Energy Convers. Manag. 2017, 148, 184-196.

Wang, Y.; Wang, C.; Feng, X. Optimal match between heat source and absorption refrigeration. Comput. Chem. Eng. 2017, 102,
268-277.

Chen, J.].J. Comments on improvements on a replacement for the logarithmic mean. Chem. Eng. Sci. 1987, 42, 2488-2489.
Verheyen, W.; Zhang, N. Design of flexible heat exchanger network for multi-period operation. Chem. Eng. Sci. 2006, 61, 7730-7753.
Peters, M.S.; Timmerhaus, K.D.; West, R.E. Plant Design and Economics for Chemical Engineers, 5th ed.; McGraw-Hill: Boston, MA,
USA, 2003.

Stijepovic, M.Z.; Linke, P. Optimal waste heat recovery and reuse in industrial zones. Energy 2011, 36, 4019-4031.

Soltani, H.; Shafiei, S. Heat exchanger networks retrofit with considering pressure drop by coupling genetic algorithm with LP
(linear programming) and ILP (integer linear programming) methods. Energy 2011, 36, 2381-2391.

Best, R.E.; Rezazadeh Kalehbasti, P.; Lepech, M.D. A novel approach to district heating and cooling network design based on
life cycle cost optimization. Energy 2020, 194, 1-16.



Energies 2021, 14, 2190 22 of 23




Energies 2021, 14, 2190 23 of 23

35. Jabbari, B.; Tahouni, N.; Ataei, A.; Panjeshahi, M.H. Design and optimization of CCHP system incorporated into kraft process,
using Pinch Analysis with pressure drop consideration. App. Therm. Eng. 2013, 61, 88-97.
36. Rosenthal, RE. GAMS—A User’s Guide; GAMS Development Corporation: Washington, DC, USA, 2008.



