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A B S T R A C T   

Ahead of heat exchanger network (HEN) design, setting an optimal pinch temperature difference for pinch 
analysis depends vitally on the capital cost target. Conventional methods based on the spaghetti (SPA) structure 
ignoring matching optimization might result in calculated cost targets of large deviations. This work evolved the 
SPA structure via four stages by shifting energy towards low-cost matching. The fourth structure evolved from 
the SPA structure (ESPA-IV structure) with the lowest-cost matching after loops elimination forms the base to 
establish the ESPA method. It is validated by numerical experiment and applied to a case reported in literature, 
meanwhile comparisons are always made to the SPA method. The numerical experiment proves that the ESPA 
method can obtain capital cost targets with higher accuracy than the SPA method. The target deviations (often 
within ±5%) given by the ESPA method are much lower than those (well above 10%) derived by the SPA 
method. In the case study, the given HEN is further optimized as hinted by ESPA method results. Of two target 
methods, the cost target indicated by ESPA method is closer to the optimum capital cost newly derived after 
optimization. The high accuracy of the ESPA method is further verified.   

1. Introduction 

With increasingly concerning on global warming and environmental 
issues, industrial sectors are strongly incentivized to make their pro-
duction more energy efficient. In various industrial processes, heating 
and cooling of different streams are conducted via a heat exchanger 
network (HEN) that plays a significant role for heat recovery in the 
energy system (Bonhivers et al., 2014). Optimizing HENs can help to 
reduce energy consumptions, to increase profitability, and consequently 
to mitigate the climate impact (Klemeš and Varbanov, 2018). Much 
attention has been paid to the optimization of HENs in new grass-root 
and/or retrofit projects for a long time (Bakhtiari and Bedard, 2013), 
especially in the petrochemical industries (Sun et al., 2015). 

HENs can be optimized based on mathematical programming, pinch 
analysis, and the combination of both methods (Klemeš and Kravanja, 
2013). Using mathematical programming method, the optimum HEN 
can be automatically obtained via either deterministic or stochastic 

approach (Bonhivers et al., 2016). This method could easily result in a 
local optimal solution, considering the computational complexity with 
non-convexity and nonlinearity (Peng and Cui, 2015). Many studies 
have contributed to optimize different HENs towards lower capital cost 
by improved algorithms, such as random walk algorithm with compul-
sive evolution (RWCE) with the step size adjustment strategy (Liu et al., 
2018), two-level optimization approach combining simulated annealing 
and differential evolution algorithm (Aguitoni et al., 2019), RWCE 
considering stream splitting and non-isothermal merging of branch 
streams (Kayange et al., 2020), genetic algorithm with a strategy of 
structure identification and changing the reference system (Rathjens 
and Fieg, 2020), and extended improved cuckoo search algorithm 
(Zhang et al., 2020). Those simplified mathematical models, however, 
may lead obtained optimum networks to deviating from practical ap-
plications. Besides, interaction with users is normally dismissed. Pinch 
analysis is widely applied by industries based on its thermodynamic 
insight (Kemp, 2007). This method aims to identify heat recovery 
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opportunities between process streams to minimize the extra energy 
supply from utilities. Among different methods and applications within 
large-scale industrial HENs, pinch analysis is considered to be simplest 
and most effective (Rossiter, 2010). 

Pinch analysis keeps playing an important role and being developed 
among various applications. Kermani et al. (2018) proposed a super-
structure methodology to engage pinch analysis to optimize the waste 
heat recovery for industrial processes that can be integrated with 
organic Rankine cycles. Bayomie et al. (2019) adopted pinch analysis to 
conduct process modifications, which improved energy efficiency for a 
crude distillation unit. Lai et al. (2019) applied pinch analysis to the 
individual stream temperature versus enthalpy plot (STEP) to estimate 
the existing energy consumptions in a HEN retrofit project regarding 
sunflower oil production. When designing the HEN with fluctuation 
probability, Hafizan et al. (2020) assessed the target of the maximum 
energy recovery using pinch analysis. Mosadeghkhah and Beheshti 
(2020) developed the heat flow diagram and combined with pinch 
analysis in order to guide the HEN retrofit for an acetic acid plant. Wang 
et al. (2020) developed a pinch-based method to improve thermody-
namic and economic performance in a catalyst reforming unit inte-
grating different heat pumps. Fu et al. (2021) introduced a shifted 
temperature driving force plot coupled with pinch analysis, by which 
more energy for a crude oil preheat train is recovered with fewer to-
pology changes of HEN. For addressing the configuration problem of 
multiperiod work and heat integration, Pavão et al. (2021) incorporated 
pinch analysis into their stepwise method. In order to evaluate the 
contribution of the average process stream to the overall energy-saving 
potential for cheese production, Bergamini et al. (2021) also used pinch 
analysis to propose an indicator for the average energy-saving content. 

The premise of applying pinch analysis is to give a suitable minimum 
temperature difference (MTD) for the HEN, which is equal to the pinch 
temperature difference (PTD). The PTD is usually determined via the 
trading-off between capital cost and operating cost targets (Linnhoff and 
Ahmad, 1990) before starting the HEN design. However, it is difficult to 
get capital cost target accurate (Serna-González et al., 2007) due to 
different topologies of HEN structure (Linnhoff and Ahmad, 1990). 
Methods based on the averaged spaghetti (SPA) structure (i.e. spaghetti 
structure with matches evenly distributed) are commonly used to 
calculate the capital cost target, which has shown relatively high accu-
racy. Currently, two widely-used approaches based on SPA structures 
were developed by Ahmad et al. (1990) and Jegede and Polley (1992), 
respectively. The approach proposed by Ahmad et al. (1990) can 
calculate the capital cost target for the HEN consisting of 1–2 shell and 
tube heat exchangers, which is valid only when heat exchanger speci-
fications are uniform. In actual HENs, however, it is inevitable to install 
heat exchangers with different cost specifications for the need of various 
construction materials and pressure levels. The other approach proposed 
by Jegede and Polley (1992) overcomes this limit, but it is only appli-
cable for the countercurrent heat exchanger type. The SPA structure 
based on which both approaches were established distributes the 
matches evenly in each enthalpy interval without considering low-cost 
matching. This may lead to a large deviation between the capital cost 
target and actual optimum capital cost of the investigated HEN by using 
either method mentioned above. 

In process industries such as refinery, 1–2 shell and tube heat ex-
changers are commonly used in their HENs (Moya-Rico et al., 2019). 
Utilizing such heat exchangers are advantageous in several aspects such 
as high thermal expansion tolerance, easy mechanical cleaning, and long 
flow paths for a given exchanger length (Ponce-Ortega et al., 2008a). 
Compared to countercurrent heat exchangers, however, 1–2 shell and 
tube heat exchangers need to be optimized for economic performance 
meanwhile keeping their operational stability. The cost optimization for 
this type of HENs involves two key parameters: the log mean tempera-
ture difference (LMTD) correction factor FT and the number of shells in 
series (Smith, 2005). For a given heat exchange unit, the number of 
shells in series determines the FT and vice versa. More shells in series 

means the increase of non-area related construction materials (such as 
head cover, flange, etc.) in heat exchangers. Meanwhile, larger FT cor-
responding to the more shells in series increases the effective tempera-
ture difference, which will reduce the heat exchange area. Extra 
consideration for the number of shells in series is necessary and in-
creases difficulties to accurately obtain the capital cost target for this 
type of HEN due to the trade-off between heat exchange area and the 
number of shells. 

The aim of this work is to develop a new method of capital cost target 
to accurately estimate optimum capital costs of HENs consisting of 1–2 
shell and tube heat exchangers. Literature yet lacks studies on the highly 
accurate calculation of capital cost target for this type of HEN. In in-
dustries where shell and tube heat exchangers are used extensively, the 
application of this method can allow for a good trade-off between energy 
cost against capital cost when applying pinch analysis, and can be used 
to guide the design of HEN. This new method is established on the 
structure evolved from the SPA structure (ESPA structure) that considers 
the low-cost matching in HENs. To improve the target accuracy of the 
method, the ESPA structure is formed mimicking the matching optimi-
zation of HEN and the optimization for the number of shells in heat 
exchange units located on matches. The ESPA structure overcomes the 
failure of the conventional SPA structure in expressing low-cost 
matching. The proposed ESPA method provides a solution idea 
regarding how to improve the accuracy of capital cost target. The 
improved ESPA method is compared with the SPA method using the 
conventional SPA structure. The accuracy of both methods is evaluated 
and verified by a numerical experiment. Thereafter, a case study of HEN 
is performed by applying the proposed ESPA method to estimate its 
optimum capital cost and to further facilitate the network optimization. 

2. Methodology 

In order to obtain the capital cost target of HEN, two methods 
(named SPA and ESPA methods) are developed and applied in this study 
with accuracy evaluated in comparison to the relevant reference capital 
costs. Details are explained in the following sections regarding how the 
two methods are constructed and how the reference capital costs are 
attained. 

2.1. SPA method 

The SPA method proposed in this study is built on the SPA structure, 
but aiming to be able to work with HENs that consist of 1–2 shell and 
tube heat exchangers with non-uniform specifications. Those conditions 
cannot be solved by either method suggested by Ahmad et al. (1990) or 
Jegede and Polley (1992). 

2.1.1. SPA structure 
SPA structure for a HEN is derived from the division of enthalpy 

intervals. Fig. 1 gives an example of a pair of balanced composite curves 
for a HEN, where the PTD is equal to the MTD. Above and below the 
pinch, the HEN is divided into two independent regions. The enthalpy 
intervals can be formulated according to what supply and target tem-
peratures each stream has, and where the heat capacity flowrate (CP) of 
each stream changes (Kemp, 2007). 

The SPA structure corresponding to enthalpy interval k is shown in 
Fig. 2. The heat load (qij,k) and the area (Aij,k) between hot stream i and 
cold stream j in the enthalpy interval k is given by Eq. (1) and Eq. (2), 
respectively. 

qij.k =

(

CPiCPj

/
∑J

j
CPj

)
(
TH,k− 1 − TH,k

)

=

(

CPiCPj

/
∑I

i
CPi

)
(
TC,k− 1 − TC,k

)
(1)  
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where TH,k-1 and TH,k are the inlet and outlet temperatures of hot streams 
of enthalpy interval k, respectively; TC,k-1 and TC,k the outlet and inlet 
temperatures of cold streams of enthalpy interval k, respectively. 

Aij.k =
qij.k

FT,kΔTLM,k

(
1
hi
+

1
hj

)

(2)  

where FT,k is the FT of enthalpy interval k; ΔTLM,k the LMTD of enthalpy 
interval k; hi and hj the heat transfer coefficients for hot stream i and cold 
stream j, respectively. 

The correction factor FT is a function of two dimensionless 

parameters: ratio of the temperature changes of two hot and cold 
streams in a heat exchanger (R) and thermal effectiveness of the heat 
exchanger (P) (Bowman et al., 1940). The FT,k can be determined ac-
cording to the R and P in the enthalpy interval k. Once enthalpy intervals 
are formulated, the R for enthalpy interval k can be attained. The proper 
P value for the specific enthalpy interval k can be decided by a given 
constant XP of 0.90 (Ahmad et al., 1990) to ensure the FT,k value above 
0.75. After obtaining the FT,k, the number of shells in series of enthalpy 
interval k, Nshell,k, can be derived. 

2.1.2. Determination of the capital cost target based on the SPA method 
The capital cost target (CCr,TC,l) for heat exchangers using the spec-

ification l in the independent region can be calculated by using Eq. (3). 
The sum of all values of CCr,TC,l is the capital cost target of HEN. 

CCr,TC,l = Ur,MER,lal + bl

(
Ar,MIN,l
Nr,shells,l

)cl

Nr,shells,l

= Ur,MER,lal + blAcl
r,MIN,lN

1− cl
r,shells,l

(3)  

where al, bl, cl are cost parameters of the heat exchanger specification l; 
Ar,MIN,l the area under heat exchanger specification l; Ur,MER,l and Nr, 

shells,l the numbers of units Ur,MER and shells Nr,shells under heat 
exchanger specification l, respectively. The Ur,MER and Nr,shells are the 
number targets of units and shells in the independent region, as shown in 
Eq. (4) and Eq. (5), respectively. And the Ur,MER,l and Nr,shells,l are given 
by Eq. (6) and Eq. (7). 

Ur,MER = Sr − 1 (4)  

where Sr is the number of streams in the independent region. 

Nr,shells =
∑K∈r

k
Nshell,k(Sk − 1)

=
∑S∈r

s
N(s) −

∑K∈r

k
Nshell,k

(5)  

where Nshell,k is the number of shells in series for enthalpy interval k; Sk 
the number of streams in enthalpy interval k; N(s) the number of shells 
in series on a stream in the independent region of the SPA structure. If N 
(s) is less than one, it will be set to one (Ahmad et al., 1990) considering 
that at least one integer shell is to be used. The Nr,shells will be modified 
accordingly. 

Ur,MER,l =Ur,MER
Ur,sp,l

Ur,sp
(6)  

where Ur,sp is the number of units in the independent region of the SPA 
structure, and Ur,sp,l the Ur,sp under heat exchanger specification l. 

Nr,shells,l =Nr,shells
Nr,shells,sp,l

Nr,shells,sp
(7)  

where Nr,shells,sp is the number of shells in the independent region of the 
SPA structure, and Nr,shells,sp,l is the Nr,shells,sp under heat exchanger 
specification l. 

2.2. ESPA method 

The ESPA method is founded on the ESPA structure that is evolved 
from the conventional SPA structure by eliminating loops. The princi-
ples of loop elimination and the evolution process from the SPA struc-
ture will be explained in the following sections. 

Fig. 1. Balanced composite curves for a HEN.  

Fig. 2. SPA structure for enthalpy interval k.  
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2.2.1. Loop elimination principles 
A loop appears when a sequence of heat exchangers (or matches) 

creates a closed path in the HEN (Kemp, 2007). Loops can be formed via 
different matches between a stream pair and/or among different stream 
pairs. The loops between a stream pair are eliminated by merging 
different matches within this stream pair. It reflects a tendency of 
reducing the redundant but unnecessary number of units in the HEN. 
After eliminating those loops, the only match left represents the ex-
pected matching cost between this stream pair. For any loop among 
different stream pairs, the odd or even positions of matches can be 
identified according to their sequence order in the loop. The match with 
the smallest heat load at either an odd or even position in a loop will be 

targeted for further elimination. By assuming to eliminate the match at 
either position in the loop, the changes of loop capital costs are first 
obtained. Then, the match elimination that could minimize the capital 
cost will be accepted. The reason to target the match with smallest heat 
load for elimination is to maintain heat loads of remaining matches to be 
positive to reflect the heat transfer feasibility. The realization of elimi-
nating the loops formed by different stream pairs can be found in Fig. A1 
of the appendix. 

2.2.2. ESPA structure evolution 
ESPA structures will be formed on the way of loop elimination 

departing from the initial SPA structure (see Fig. 3). In total four stages 

Fig. 3. Evolution flowchart of ESPA structures.  
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are needed to reach the final ESPA structure that the ESPA method is 
built on. 

Stage 1: Derivation of ESPA-I structure from SPA structure. 

The first structure evolved from the SPA structure (denoted as ESPA-I 
structure) is derived after eliminating all loops in each enthalpy interval 
of the SPA structure to minimize the capital cost. The ESPA-I structure 
reflects the tendency of using low-cost heat exchange matches. The 
capital cost of the match in an enthalpy interval is defined as the product 
of its energy and the corresponding capital cost per unit of energy (ccij,k), 
and then used in calculating the capital cost changes after energy is 
shifted in loops. In the process of loop elimination, the tendency of using 
same types of stream pairs in different enthalpy intervals needs to be 
considered. It helps to reduce the final matching costs by reducing the 
complexity of HEN. Specifically, the use of the proven stream pair in the 
current enthalpy interval would increase as the occurrence frequency of 
the same stream pair increases in any other enthalpy interval that 
completed loops elimination. The loop elimination process for each in-
dependent region at this stage is conducted along the index order from 
low to high for all enthalpy intervals. The probability of using a stream 
pair during loop elimination is increased by reducing the capital cost per 
unit of energy (ccij,k) of the match on this stream pair. Here, the cost 
reduction is realized by introducing the attraction coefficient (AC) to 
multiply with ccij,k. Obviously, all AC values for matches in the first 
enthalpy interval of each independent region are one, and the AC for the 
match in a subsequent enthalpy interval may keep same or further 
reduced. The AC regulates the tendency of using same stream pairs in 
different enthalpy intervals. After all structures of enthalpy intervals are 
obtained, the ccij,k for the match is resumed by removing the effect of AC. 
The derivations for ccij,k and AC are specified as following. 

The capital cost per unit of energy (ccij,k) for a match in enthalpy 
interval k is established according to Eq. (8). It is the sum of the area- 
unrelated cost (ccAU-ij,k) and the area-related cost (ccAR-ij,k) per unit of 
energy. The area-unrelated cost (ccAU-ij,k) within an independent region 
is the quotient of the total area-unrelated cost under the same heat 
exchanger specification (l) divided by the total heat exchange load (qr), 
as shown by Eq. (9). The Ur,Exp represents the expected minimum 
number of units in the independent region, and its initial value adopts 
the Ur,MER given by Eq. (4). The specific purchase cost, ccAR-ij,k, is defined 
(see Eq. (10)) as the quotient of the purchase cost of the match divided 
by its energy (qij,k). The Bij,k is the purchase cost energy coefficient which 
is given by Eq. (11). It considers the effects on the capital cost from 
several factors, including the divisions of enthalpy intervals, the selec-
tion of the XP for an enthalpy interval, the heat transfer coefficients of 
streams and the heat exchanger specifications for matches. The given XP 
for the enthalpy interval determines the FT,k and Nshell,k. In each 
enthalpy interval, an optimal XP is applied to minimize Bij,k meanwhile 
maintaining the FT,k value not going below 0.75. 

ccij,k = ccAU− ij ,k + ccAR− ij ,k (8)  

ccAU− ij ,k =Ur,Expalq− 1
r (9)  

ccAR− ij ,k = blAcl
ij,kN1− cl

shell,kq− 1
ij,k

= Bij,kqcl − 1
ij,k

(10)  

Bij,k = bl

(
1
hi
+

1
hj

)cl (
FT,kΔTLM,k

)− cl Nshell,k
1− cl (11) 

In the independent region, the attraction coefficient (ACij,r,α) for the 
match in enthalpy interval α is given by Eq. (12). The ACij,r,α in the first 
enthalpy internal is 1, and the ACij,r,α in the subsequent enthalpy interval 
will be reduced due to those remaining matches in the previous enthalpy 
intervals. The Eij,r,β indicates the existence of a stream pair within the 
enthalpy interval β where loops have been eliminated. If no stream pair 
exists, Eij,r,β will be equal to zero. Otherwise, Eij,r,β will be equal to one. 
The attraction factor (AF) is used to regulate the reduction extent of AC. 
The attraction factor (AFr,β) of enthalpy interval β is given by Eq. (13), 
which is the quotient of the attraction factor (AFr) for the independent 
region and the number of enthalpy intervals (Nint,r) in the independent 
region. Here, the AFr is set as 0.05, considering the tendency to use same 
types of stream pairs while avoiding any obvious interference to the loop 
elimination process. 

ACij,r,α =

⎧
⎪⎨

⎪⎩

1 if α = 1, α ∈ r

1 −
∑β=α− 1

β=1
Eij,r,βAFr,β if α ≥ 2, α ∈ r,Eij,r,β ∈ {0, 1} (12)  

AFr,β =AFrN − 1
int,r (13)   

Stage 2: Derivation of ESPA-II structure from ESPA-I structure. 

In the independent region of ESPA-I structure, the loops may form 
via several matches between a pair of heat exchange streams. The ESPA-I 
structure can be evolved into the ESPA-II structure by merging such 
matches to further reduce the number of units. The match in the ESPA-II 
structure is regarded as virtual, since the feasibility of actual matching 
has not been considered. However, the purchase cost of the virtual 
match can be used to represent the expected purchase cost between a 
pair of streams. For the virtual match, its energy (qij,v), purchase cost per 
unit of energy (ccAR-ij,v) and number of shells in series (Nshell,ij,v) are 
given by Eqs. (14)–(16), respectively. Regarding the number of shells in 
series on a stream, at least one integer shell is needed. But Nshell,ij,v may 
be less than one, Nshell,ij,z needs to be corrected to Nshell,ij,z,m, as shown in 
Eq. (17). The Nshell,ij,z,m and the new corresponding FT,ij,z,m will modify 
Bij,z (see Eq. (11)), and then further modify ccAR-ij,v (see Eq. (15)). 

qij,v =
∑Z

z=1
qij,z (14)  

ccAR− ij ,v =

(
∑Z

z
Bij,zqc

ij,z

)/

qij,v (15)  

Nshell,ij,v =
∑Z

z=1
Nshell,ij,z (16)  

Nshell,ij,z,m = 1 × Nshell,ij,z
/

Nshell,ij,v (17)  

where qij,z, Bij,z, Nshell,ij,z are the energy, purchase cost energy coefficient, 
number of shells in series of the match in enthalpy interval z, which is 
combined into the virtual match. 

Stage 3: Derivation of ESPA-III structure from ESPA-II structure. 

Another round of loops elimination will be performed for the 
matches in the independent region based on the ESPA-II structure. The 
third evolved structure, i.e. the ESPA-III structure is derived which re-
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flects the tendency of using low-cost stream pairs. During this evolution, 
the capital cost per unit of energy for a virtual match in the ESPA-II 
structure (ccij,v) is used in evaluating the capital cost changes, see Eq. 
(18). 

ccij,v =Ur,Expalq− 1
r + ccAR− ij ,v (18) 

The initial expected minimum number of units Ur,Exp is set as the Ur, 

MER given by Eq. (4). In the ESPA-III structure, there have been no loops 
within the independent region. According to Euler’s general network 
theorem (Linnhoff et al., 1979), if the number of independent sub-
networks is more than one in the independent region, the existing 
number of units may be less than Ur,MER. In order to make Ur,Exp more 
accurate, the number of units in the independent region of the ESPA-III 
structure needs to be taken as the new Ur,Exp to recalculate the whole 
process via iteration until convergence when these two numbers of units 
are equal. 

Stage 4: Derivation of ESPA-IV structure from ESPA-III structure. 

A further reduction of units in the ESPA-III structure by merging the 
units in the same stream pairs for the entire HEN will lead to the for-
mation of ESPA-IV structure. Thereafter, no further loop elimination is 
performed in order to avoid heat transfer across the pinch as required by 
pinch analysis principles (Kemp, 2007). Since the ESPA-IV structure 
gives all matches with lowest cost potentials, it will be used as the final 
ESPA structure to calculate the capital cost target of HEN. 

2.2.3. Capital cost target based on the ESPA method 
The capital cost target of HEN includes the area-related and area- 

unrelated costs of virtual matches in the ESPA-IV structure. The area- 
related cost target is the sum of area-related costs of all virtual 
matches. The area-unrelated cost target (CCAU) of HEN adopts the sum 
of the area-unrelated costs of the units on those virtual matches, as given 
by Eq. (19). 

CCAU =
∑L

l
Uv,lal (19)  

where Uv,l is the number of units under heat exchanger specification l in 
the ESPA-IV structure. 

2.3. Reference capital cost of HEN 

The proposed methods are used to calculate the capital cost target of 
HEN. In order to evaluate the accuracy of the capital cost target, the 
reference capital cost of HEN is needed for comparison. It is calculated as 
the sum of capital costs of each heat exchange unit in the derived op-
timum HEN at the given PTD. Following the principle that heat transfer 
cannot cross the pinch, the utility consumption in the optimum HEN is 
equal to its energy target determined by pinch analysis. For a heat ex-
change unit under heat exchanger specification l in an optimum HEN, its 
capital cost CCU is calculated by using Eq. (20). Nshells,U is the optimal 
integer value for the number of shells in series that minimizes the capital 
cost of heat exchange unit, and also determines the correction factor FT 
of log mean temperature difference used in calculating the heat ex-
change area AU. Note that Nshells,U needs to ensure that FT does not fall 
below 0.75 in order to maintain the operational stability of the shell and 
tube heat exchanger. 

CCU = al + blAcl
UN1− cl

shells,U (20)  

where al, bl, cl are cost parameters of the heat exchanger specification l; 
AU, Nshells,U the area and the number of shells for the heat exchange unit, 
respectively. 

To compare with the capital cost targets of proposed methods, the 
reference capital cost is required in principle when the design of the HEN 
is optimum. In order to obtain more cost-effective HENs, an approach of 
promoting low-cost matching with temperature driving force (TDF) plot 
(Gadalla, 2015) is adopted in this work to optimize HENs, which can 
take full advantages of user interaction. In this plot, a target TDF curve 
plotted from temperatures on the hot and cold balanced composite 
curves in the vertical heat transfer direction is referenced to regulate the 
heat transfer drive force between streams. Since the target TDF curve 
reflects the average TDF between streams, the driving force of a match 
with a higher matching cost should be greater than the target TDF, and 
vice versa. The optimum design for a HEN will be decided by screening 
multiple match schemes. 

As we know, HEN synthesis is a non-deterministic polynomial-time 
hard (NP-hard) problem, and there is no exact solution algorithm 
computationally efficient enough (Furman and Sahinidis, 2001). To our 
best knowledge, the latest algorithm to synthesize the optimum HENs 
consisting of 1–2 shell and tube heat exchangers is the genetic algorithm 
proposed by Ponce-Ortega et al. (2008b) which also considered the cost 
effect of multiple shells. One case (Ponce-Ortega et al., 2008b) reported 
in this paper is also compared with outcome from our method regarding 
the final optimum HEN and results of capital costs. 

2.4. Accuracy evaluation 

To evaluate the accuracy of the proposed methods, the capital cost 
target deviation (DT/R) defined in Eq. (21) is used as an indicator. A 
value of DT/R closer to zero would mean that the capital cost target 
obtained by the discussed method is more accurate. 

DT/R =

(
CCTC

CCRC
− 1
)

× 100% (21)  

where CCTC is the capital cost target of HEN for the applied method, and 
CCRC the reference capital cost of HEN. Capital cost targets of the given 
HEN obtained from both SPA and ESPA methods are analyzed and 
evaluated for all cases involved in the following numerical experiment 
and case study. 

3. Accuracy verification via numerical experiment 

The accuracy of both SPA and ESPA methods is verified using a HEN 
example reported by Smith (2005). The HEN for this verification con-
sists of two hot and two cold process streams, along with steam (ST) and 
cooling water (CW) as the hot and cold utilities. Table 1 summarizes the 
stream data for the given example. At a predefined PTD of 10 ◦C, the hot 

Table 1 
Stream data for the HEN using for accuracy verification (Smith, 2005).  

Stream Type Temperature (oC) CP (kW/oC) H (kW/m2/oC) 

Supply Target 

H1 hot stream 250 40 150 1.0 
H2 hot stream 200 80 250 0.8 
C1 cold stream 140 230 300 0.8 
C2 cold stream 20 180 200 0.6 
ST hot utility 240 239 – 3.0 
CW cold utility 20 30 – 1.0  
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and cold pinch temperatures are 150 ◦C and 140 ◦C, respectively. The CP 
values of the hot and the cold utilities are determined after obtaining 
utility targets via pinch analysis. 

The numerical experiment firstly examines the accuracy of two 
methods in face of the simple situation where differences of stream heat 
transfer coefficients and heat exchanger specifications do not cause 

noticeable preferences for the heat exchange matching of streams. Since 
there is no significant order of magnitude difference among stream heat 
transfer coefficients, only one heat exchanger specification is set for the 
entire HEN. Referring to cost parameters “a”, “b”, and “c” with setting 
respectively at 10,000, 1,000, and 0.80 in a heat exchanger specification 
(Gundersen and Grossmann, 1990), one of these parameters varies to 
verify the capital cost target accuracy for different cases only using one 
heat exchanger specification, see Table 2. The division of enthalpy in-
tervals used to derive the capital cost target of HEN is shown in Fig. A2 of 
the appendix. To calculate the reference capital costs for comparisons 
with the capital cost targets obtained by two methods, the optimum 
HENs for these cases are designed with the favor of the TDF plot 
(Gadalla, 2015). The optimum HENs for considered cases are listed in 
Table A1 of the appendix. The detailed structures and TDF curves of 
optimum HENs can be found in Figs. A3 and A4. Table 2 presents the 
calculated capital cost targets for those cases in comparison to the 
reference costs, and the target deviations are shown in Fig. 4. 

Comparing cases presented in Table 2, a quite similar trend is 
revealed for both methods regarding the capital cost targets in contrast 
to the reference costs. As indicated by Fig. 4, the target deviations using 
both methods are relatively stable given the same cost parameters. 
However, the deviations for the cases using SPA method are approxi-
mately 10%, except for case 12 where the deviation reaches 19.2%. The 
assumption of equally distributed area in each shell is an important 
reason for this large deviation, as hinted by Eq. (3). Notice that the target 
deviation of case 12 is relatively large caused by a setting of 0.95 for the 
cost parameter c of heat exchanger. As one could also derive from Eq. 
(3), the cost exponent of the number of shells becomes only 0.05. That 
means that the increase in the use of shells will have a very weak in-
fluence on the capital cost. Theoretically, for case 12 the XP value should 
be optimized for each enthalpy interval to get the LMTD correction 
factor FT closer to 1, in order to minimize matching cost possibly by 
increasing the number of shells in series. The SPA method, however, 
uses a fixed XP for each enthalpy interval simply to guarantee FT not 
lower than 0.75, which fails to consider the optimization of XP and re-
sults in this large target deviation. In contrast, the new proposed ESPA 
method has no such problem, and the deviations for its calculated cases 
are all around 0% except for case 12 with a relatively larger deviation of 
− 6.6%. The ESPA method optimizes the XP for each enthalpy interval, 
reflecting the tendency of using the optimal XP for heat exchangers to 
reduce capital costs. Although there is a little over-optimization of XP in 
case 12, the target deviation with − 6.6% is still acceptable. According to 
the above results, ESPA method can work more accurately on calcu-
lating the capital cost target than SPA method when the simple situation 
of HEN is encountered. 

The following numerical experiment will further examine the effect 
of large differences among heat exchanger specifications and among 
heat transfer coefficients of streams on the target accuracy of two 
methods. And two types of heat exchanger specifications (denoted as 
HS1 and HS2) are used. Table 3 shows the connections of these two heat 
exchanger specifications in this HEN. Except for the stream pair of 
H1–C2 using HS2, all other stream pairs use HS1 in this experiment due 
to the following considerations. The stream pair of H1–C2 has maximum 
temperature ranges to conduct heat exchange within the SPA structure. 
Looking at the division of enthalpy intervals presented in Fig. A2 of the 
appendix, the region of vertical heat transfer between H1 and C2 reveals 
that the hot stream H1 drops from 200 ◦C to 40 ◦C, and cold stream C1 
rises from 20 ◦C to 180 ◦C. This stream pair spans four enthalpy intervals 
from 4 to 7 (see Fig. A2), accounting for a high proportion of heat ex-
change load in the SPA structure. The parameter variations of HS2 
would have a significant impact on the cost target for both SPA and 

Table 2 
Capital cost targets in comparison to reference capital costs using one heat 
exchanger specification for the entire HEN.  

Case Cost parameters Reference cost 
($) 

Capital cost target ($) 

a ($) b 
($/m2c) 

c SPA ESPA 

1 2000 1000 0.80 2461075 2736094 2460981 
2 4000 1000 0.80 2475075 2750094 2472981 
3 25000 1000 0.80 2622075 2897094 2598981 
4 50000 1000 0.80 2797075 3072094 2748981 
5 10000 200 0.80 559414.9 614418.7 549796.1 
6 10000 400 0.80 1048830 1158837 1039592 
7 10000 2500 0.80 6187687 6875234 6182451 
8 10000 5000 0.80 12305374 13680468 12304903 
9 10000 1000 0.65 1029551 1128991 1045358 
10 10000 1000 0.75 1874143 2056792 1879016 
11 10000 1000 0.85 3372497 3800200 3337506 
12 10000 1000 0.95 5937722 7078418 5545443  

Fig. 4. Deviations of the capital cost targets from SPA and ESPA methods 
relative to the reference costs for different cases that only use one heat 
exchanger specification for the entire HEN. 

Table 3 
Heat exchanger specifications between streams.   

H1 H2 ST 

C1 HS1 HS1 HS1 
C2 HS2 HS1 HS1 
CW HS1 HS1 –  
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ESPA methods due to the changed capital costs per unit energy for 
matches. 

Table 4 lists up in total 16 cases showing the different sets of cost 
parameters and stream heat transfer coefficients to investigate the target 
accuracy of two methods. In cases 1 to 12, with keeping the heat transfer 
coefficients for all streams constant, the cost parameters “a”, “b”, “c” for 
HS1 are set at 10000,1000, 0.80, respectively (Gundersen and Gross-
mann, 1990), but these parameters are varied for HS2, same as in cases 1 
to 12 of Table 2. For cases 13 to 16, the cost parameters of HS2 are set 
the same with those of HS1 whereas the heat transfer coefficients of 
streams H1 and C2 are varied. 

The reference costs used for comparison with the capital cost targets 
of SPA and ESPA methods are calculated from the optimum HENs ob-
tained by analyzing TDFs of heat exchangers in the HEN. The optimum 
HEN for each considered case is presented by Table A2 in the appendix. 
Besides, Figs. A3 and A4 show the optimum HEN structures and their 
corresponding TDF curves. Table 5 presents the capital cost targets of 
the considered cases obtained by the SPA and ESPA methods together 
with the corresponding reference capital costs. Based on these results, 
the target deviations (DT/R) for all the cases engaging both methods are 
plotted in Fig. 5. 

Capital cost targets calculated by the SPA method would be sensi-
tively affected by the configurations of cost parameters (i.e. cost pa-
rameters a, b, c) and heat exchange area as implied by Eq. (3). This trend 
is also indicated in Table 5. For cases 1 to 4, the capital cost targets given 
by the SPA method show rather small differences, which indicates that 
the variations of cost parameter a did not cause obvious effects on the 
matching optimization of HEN. This is also in accordance with nearly 
constant target deviations shown in Fig. 5. The variations of cost 

Table 4 
Variation of cost parameters for HS2 and heat transfer coefficients of streams.  

Case Cost parameters of HS2 Heat transfer coefficients of streams (kW/m2/oC) 

a ($) b ($/m2c) c H1 H2 C1 C2 ST CW 

1 2000 1000 0.80 1.0 0.8 0.8 0.6 3.0 1.0 
2 4000 1000 0.80 1.0 0.8 0.8 0.6 3.0 1.0 
3 25000 1000 0.80 1.0 0.8 0.8 0.6 3.0 1.0 
4 50000 1000 0.80 1.0 0.8 0.8 0.6 3.0 1.0 
5 10000 200 0.80 1.0 0.8 0.8 0.6 3.0 1.0 
6 10000 400 0.80 1.0 0.8 0.8 0.6 3.0 1.0 
7 10000 2500 0.80 1.0 0.8 0.8 0.6 3.0 1.0 
8 10000 5000 0.80 1.0 0.8 0.8 0.6 3.0 1.0 
9 10000 1000 0.65 1.0 0.8 0.8 0.6 3.0 1.0 
10 10000 1000 0.75 1.0 0.8 0.8 0.6 3.0 1.0 
11 10000 1000 0.85 1.0 0.8 0.8 0.6 3.0 1.0 
12 10000 1000 0.95 1.0 0.8 0.8 0.6 3.0 1.0 
13 10000 1000 0.80 0.02 1.0 1.0 0.02 1.0 1.0 
14 10000 1000 0.80 0.1 1.0 1.0 0.1 1.0 1.0 
15 10000 1000 0.80 10 1.0 1.0 10 1.0 1.0 
16 10000 1000 0.80 50 1.0 1.0 50 1.0 1.0  

Table 5 
Capital cost targets derived by SPA and ESPA methods in comparison to refer-
ence capital costs.  

Case Reference cost ($) Capital cost target ($) 

SPA ESPA 

1 2501075 2779094 2500981 
2 2505075 2782344 2502981 
3 2547075 2816469 2523981 
4 2597075 2857094 2548981 
5 1727703 2331565 1683543 
6 2033896 2446697 1889903 
7 2963741 3655584 2936570 
8 3132830 5094736 3483978 
9 2044782 2458229 1907390 
10 2356166 2647549 2252263 
11 2706199 2985101 2674886 
12 2860145 3586948 2860399 
13 23662406 28211106 24158954 
14 7387685 8441779 7418399 
15 1341042 1514835 1285542 
16 1190463 1420445 1177842  

Fig. 5. Deviations of the capital cost targets attained by the SPA and ESPA 
methods for all 16 cases presented in Table 5. 

Table 6 
Stream data and cost data for the case study.  

Stream Type Temperature (oC) CP (kW/oC) h (kW/m2/oC) 

Supply Target 

H1 hot stream 120 65 25 0.50 
H2 hot stream 80 50 150 0.25 
H3 hot stream 135 110 145 0.30 
H4 hot stream 220 95 10 0.18 
H5 hot stream 135 105 130 0.25 
C1 cold stream 65 90 75 0.27 
C2 cold stream 75 200 70 0.25 
C3 cold stream 30 210 50 0.15 
C4 cold stream 60 140 25 0.45 
HU hot utility 250 249 – 0.35 
CU cold utility 15 16 – 0.20 

Cost of HU = 110 $/(kWy); Cost of CU = 10 $/(kWy); Project lifetime = 6 y; 
Interest rate = 10%. 
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Fig. 6. Two optimum HENs for the PTD of 17 ◦C: (a) proposed by Ponce-Ortega et al. (2008b); (b) designed in this work via analyzing TDFs.  
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parameter b, however, strongly affect the optimization results for 
reference costs. That is implied by big variations of capital cost targets 
for cases 5 to 8 where the differences between the parameter b settings 
for HS2 and HS1 first decrease and then increase. Specifically, the set-
tings of the parameter b for HS2 starting from 200 gradually approaches 
1000 set for HS1, and then moves away towards 5000. The same trend is 
also confirmed by the target deviations presented in Fig. 5. It is note-
worthy that the cost parameter b is mainly determined by the choice of 
construction materials for heat exchangers, and that the studied varia-
tions of b for HS1 and HS2 are well within the cost ratio range of 
different materials actually used by industry. Effects of varied cost 
parameter c and heat transfer coefficient h have been found very similar 
with that of the parameter b, and no more tautology here. As a com-
parison to the SPA method’s estimation, cost targets derived by the ESPA 
method for all cases kept a similar trend, but became much less fluctu-
ated. Looking at Fig. 5, the target deviations of all cases using the SPA 
method are generally above 10%, and a largest deviation up to 62.6% 
occurs in case 8 when the cost parameter b for HS2 is five times higher 
than that for HS1. The target deviations of all cases using ESPA method 
are generally controlled within ±10% and often within ±5%, whereas 
the maximum deviation is only 11.2% found for case 8. It demonstrates 
that the proposed ESPA method considering low-cost matching can 
effectively improve the accuracy of the capital cost target of HEN con-
fronting the varied cost parameters and stream heat transfer coefficients. 

4. Case study 

In this section, the application of the ESPA method is demonstrated 
via a case study for guiding the HEN design and selecting the optimal 
PTD to further improve economic performance. The HEN adopted in this 
case study was previously reported by Ahmad et al. (1990), which in-
volves five hot streams and four cold streams together with heating and 

cooling streams from utilities. The detailed stream and cost data for the 
case are given in Table 6. The cost parameters (a, b, c) of applied heat 
exchangers were set at 30800, 750 and 0.81, respectively (Ahmad et al., 
1990). Ahmad et al. (1990) did not provide a specific annualized factor, 
that is calculated based on the provided project lifetime and interest 
rate, to annualize the capital cost of HEN. The annualized factor is 
calculated using the formula given by Ponce-Ortega et al. (2008b) who 
later studied this case. 

4.1. Guide for the HEN design 

With the optimal PTD of 17 ◦C given by Ahmad et al. (1990), the hot 
and cold pinch temperatures are 80 ◦C and 63 ◦C, respectively. Ahmad 
et al. (1990) have designed an optimum HEN giving a capital cost of $ 2, 
251,670 (recalculated from the 517,000 $/y given by the literature). 
After further optimizing the number of shells in series of each heat ex-
change unit, the capital cost can be easily reduced to $ 1,882,421. For 
the case under the same PTD of 17 ◦C, Ponce-Ortega et al. (2008b) also 
reported a more optimum HEN (see Fig. 6a) with a lower capital cost of $ 
1,831,011 by using a genetic algorithm that works on the mixed-integer 
nonlinear programming (MINLP) formulation. 

After applying both SPA and ESPA methods for this case, the resulted 
capital cost targets from two methods are $ 1,839,044 and $ 1,607,974 
respectively. The division of enthalpy intervals in these two methods is 
given in Fig. A5a of the appendix. The capital cost target of $ 1,839,044 
given by the SPA method is very close to the optimum capital cost of $ 
1,831,011 reported by Ponce-Ortega et al. (2008b). The ESPA method, 
however, derives a much lower capital cost target of $ 1,607,974 that 
implies room available for further reducing the optimum capital cost. 

With the favor of the TDF plot, the HEN was re-designed after at-
tempts of optimization with a final optimum network presented in 
Fig. 6b. Comparing with literature results (Ahmad et al., 1990; Pon-
ce-Ortega et al., 2008b), our newly optimized HEN gives an even lower 
capital cost of $ 1,660,834 with same utility consumptions. The corre-
sponding TDF curves of this optimum HEN are given in Fig. A5b of the 
appendix. Seen from Fig. A5b, the driving force of E− 9 is far below the 
target TDF curve. E− 9 drives the heat exchange between the streams of 
H1 and C4 that have the highest heat transfer coefficients (see Table 6) 
amongst the hot and cold streams, respectively. The overall capital cost 
was greatly reduced by reducing the TDF between H1 and C4 to increase 
the TDFs between other stream pairs with high-cost matching. Taking 
the newly obtained $ 1,660,834 as the reference capital cost, the target 
deviation between the cost target of $ 1,839,044 from the SPA method 
and the reference cost of $ 1,660,834 is 10.7%. However, the deviation 
using the proposed ESPA method is only − 3.2%. The case study shows 
that the design of the reported HEN can be further optimized, and that 
the proposed ESPA method could estimate the optimum capital cost 
more accurately than the SPA method. The ESPA method has great po-
tential to be used as a tool to assess the design for new HENs, and/or 
facilitate the further improvement of the current HEN design. 

4.2. Application in determining the optimal PTD 

Using the more accurate ESPA method, the optimal PTD that could 
make the HEN more cost effective can be re-determined. For this case 
study, the re-optimized PTD for the HEN is 11.1 ◦C due to the lowest 
total annual cost target of $ 1,499,490 for the HEN, as shown in Fig. 7. 
The total annual cost target is the sum of the annual operating cost target 
and annual capital cost target. The annual operating cost target is 
calculated as the sum of the productions of energy targets of utilities and 
their cost data (i.e. 110 $/(kWy) for HU and 10 $/(kWy) for CU in 

Fig. 7. Plot of cost target against PTD.  
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Table 6). The utility targets are obtained via pinch analysis. For the 
annual capital cost target, it is the production of the annualized factor 
and the capital cost target derived from the ESPA method. The optimal 
PTD of 11.1 ◦C found is the result of trading-off the annual operating cost 
and annual capital cost during the targeting stage of pinch analysis. As 
seen in Fig. 7, the decrease in PTD generally results in a decreased 
annual operating cost target, but an increase in annual capital cost 
target, and vice versa. Notice that the re-determined optimal PTD of 
11.1 ◦C means that the optimal PTD of 17 ◦C given by Ahmad et al. 
(1990) is not good enough. Next, a HEN with better economic perfor-
mance will be designed under this PTD of 11.1 ◦C. 

At the PTD of 11.1 ◦C, an optimum HEN with hot and cold pinch 
temperatures of 80 ◦C and 68.9 ◦C is designed, and the division of 
enthalpy intervals for target calculation is shown in Fig. A6a of the 
appendix. The design of optimum HEN follows: (1) avoid heat transfer 

across pinch to make utility usages equal to their energy targets at the 
PTD of 11.1 ◦C, and (2) reasonably optimize the TDFs of heat exchangers 
to minimize the capital cost of HEN. The capital cost of the re-designed 
optimum HEN (see Fig. 8) is $ 2,004,657, by analyzing the TDFs of heat 
exchangers. The TDF plot of HEN can be found in Fig. A6b of the ap-
pendix. Similar to the new optimum HEN designed at the PTD of 17 ◦C in 
section 4.1, the driving force of E− 8 needs to be far below the target TDF 
curve to reduce the overall capital cost. The capital cost of $ 2,004,657 
can be used as a reference cost to re-analyze the accuracy of two type of 
capital cost targets under the PTD of 11.1 ◦C. The ESPA and SPA 
methods derived two capital cost targets of $ 1,926,943 and $ 
2,222,316, respectively. The target deviations of the ESPA and SPA 
methods are − 3.9% and 10.9%, respectively. The ESPA method shows a 
better accuracy than the SPA method, and the capital cost target 
attained by the ESPA method is near the optimum capital cost. 

Fig. 8. Newly designed optimum HEN for the PTD of 11.1 ◦C.  

Table 7 
Comparison of cost targets and cost values of different design schemes for the optimum HEN.   

Ref. (Ponce-Ortega et al., 2008b) This work This work 

PTD (oC) 17 17 11.1 
Target value for the HEN 

HU (kW) 10125 10125 9390 
CU (kW) 3150 3150 2415 
Annual operating cost ($/y) 1,145,250 1,145,250 1,057,050 
Capital cost ($) 1,607,974 1,607,974 1,926,943 
Total annual cost ($/y) 1,514,453 1,514,453 1,499,490 

Optimum HEN 
HU (kW) 10125 10125 9390 
CU (kW) 3150 3150 2415 
Annual operating cost ($/y) 1,145,250 1,145,250 1,057,050 
Capital cost ($) 1,831,011 1,660,834 2,004,657 
Total annual cost ($/y) 1,565,664 1,526,590 1,517,678  
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Table 7 lists the cost targets and benefits of the optimum HENs re-
ported in literature and newly designed. As the PTD decreases from 
17 ◦C to 11.1 ◦C, the operating cost target is reduced due to the utilities 
saving. The energy targets for the hot utility HU and cold utility CU are 
reduced from 10125 kW to 9390 kW and from 3150 kW to 2415 kW, 
respectively. Although the capital cost target increases from $ 1,607,974 
to $ 1,926,943, the HEN has the lowest total annual cost target of $ 
1,499,490 under the PTD of 11.1 ◦C. Starting from the PTD of 11.1 ◦C, 
the new HEN designed has the lowest total annual cost of $ 1,517,678, in 
comparison to $1,565,664 and $1,526,590 of the other two optimum 
HENs under the PTD of 17 ◦C. This indicates that the re-optimized PTD 
of 11.1 ◦C can allow the subsequent HEN design more cost effective. The 
utility consumptions of each optimum HEN are the same as their energy 
targets due to the fact that pinch analysis does not allow for heat transfer 
across the pinch. Compared with the experience accumulated in in-
dustry, with the help of the ESPA method, a reliable PTD with the best 
cost effectiveness can be easily found and provide a good start for the 
next step in designing the optimum HEN. 

5. Discussion and conclusions 

In actual HENs, heat transfer coefficients of streams are usually 
diverse, and applied heat exchangers may adopt different sets of cost 
parameters depending on various factors such as construction materials, 
pressure ratings, etc. This demands a reliable method to calculate the 
capital cost target prior to the further design of HEN. The conventional 
approach to calculate the capital cost target relies on the SPA structure. 
However, the SPA structure ignores the cost effect of different match-
ings, which could lead to a large deviation for the derived capital cost 
target. In this work, a new ESPA method considering low-cost matching 
is proposed aiming to calculate the capital cost target of HEN with better 
accuracy. This method has engaged four stages of loop elimination 
departing from the SPA structure to reach the ESPA-IV structure that 
serves as the basis to proceed with the capital cost target calculation. In 
the process of loop elimination, characteristics regarding the matching 
optimization of HEN and the shell number optimization for the heat 
exchange unit are learned and applied, thus the behavior of the low-cost 
matching of HEN getting exhibited. All these measures make the pro-
posed ESPA method a promising tool providing reliable capital cost 
targets for HENs consisting of shell-and-tube heat exchangers to better 
meet industry’s actual needs. 

The proposed ESPA method was evaluated using a numerical 
experiment with different cases of varied heat exchanger cost parame-
ters and stream heat transfer coefficients at the same PTD, where the 
higher accuracy of the ESPA method is proved for the capital cost target 
calculation in comparison to the conventional SPA method. To validate 
the accuracy of both SPA and ESPA methods, the capital cost of the 
optimum HEN for comparison is given on the basis that the utility 
consumptions are the same as their energy targets at the given PTD. The 
cost targets derived by the ESPA method for all the verification cases 
have much lower deviations, generally within ±10% and mostly within 
±5%, than those given by the SPA method which are well above 10%. 
For a HEN case from the literature, results of applying the ESPA method 

reveal that the further improvement is feasible for the reported optimum 
HEN. The HEN was further optimized, and two new optimum HENs at 
the PTD of 17 ◦C given by literature and re-optimized PTD of 11.1 ◦C 
presented better economic benefits, especially the latter with the lowest 
total annual cost. Using the capital costs of two newly optimized HENs as 
reference costs, the cost target deviations working with the ESPA 
method are only − 3.2% and − 3.9% much lower than those of 10.7% and 
10.9% given by the conventional SPA method. Those results proved the 
reliability of the capital cost target predicted by the ESPA method for the 
HEN consisting of shell and tube heat exchangers, despite the cases that 
industry may encounter with large differences existing among heat 
exchanger specifications or stream heat transfer coefficients. 

Although it is straightforward to obtain the energy consumption 
limit from utilities via pinch analysis, possibilities of topological HEN 
structures make it difficult to judge whether the current HEN is optimum 
in term of capital cost. Once the capital cost target is derived, it can be 
set a benchmark for evaluating the quality of HEN designs. The proposed 
ESPA method can work out a capital cost target with high accuracy. 
However, the method cannot design an optimum HEN with a detailed 
structure as the mathematical programming method can. Facing the 
complexity of deriving an optimum HEN, mathematical programming 
method is normally time-consuming and easily falling into suboptimal 
solutions. In comparison, the ESPA method can work out a reliable 
capital cost target more efficiently to evaluate the improvement poten-
tial for the HEN optimization. This target can contribute to determining 
the PTD with lowest total annual cost for pinch analysis ahead of the 
HEN design. As our future work, it is promising to expand and engage 
this new method into the optimization and design of the HENs that 
possibly integrate new developed applications (such as heating pumps, 
organic Rankine cycle, etc.) aiming to improve the energy efficiency, 
carbon neutrality, and cost effectiveness. 
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Nomenclature 

variables 
A Area of heat exchange 
B Purchase cost energy coefficient 
CC Capital cost 
cc Capital cost per unit of energy 
CP Heat capacity flowrate 
DT/R Capital cost target deviation 
E Indicator of the existence of a match 
FT LMTD correction factor 
h Heat transfer coefficient of the stream 
Nint Number of enthalpy intervals 
Nshell Number of shells in series 
Nshells Number of shells 
P Thermal efficiency of heat exchanger 
q Heat exchange load between streams 
R Ratio of the temperature changes of two hot and cold streams 
S Number of streams 
T Temperature 
U Number of heat exchange units 
ΔTLM Logarithmic mean temperature difference  

parameters 
a, b, c Cost parameters of heat exchanger specification 
XP Constant defined by the designer  

indexes 
AU Area-unrelated cost 
AR Area-related cost 
Exp Expected value 
C Cold stream 
H Hot stream 
i Index of hot stream 
j Index of cold stream 
k Index of enthalpy interval 
l Index of heat exchanger specification 
m Modified value 
r Independent region 
sp Spaghetti structure 
TC Capital cost target 
RC Reference capital cost 
U Heat exchange unit 
v Virtual match 
z Index of the enthalpy interval that forms a virtual match 
α, β Index of the enthalpy interval for independent region  

abbreviations 
AC Attraction coefficient 
AF Attraction factor 
ESPA Evolved from the spaghetti structure 
HEN Heat exchanger network 
LMTD Logarithmic mean temperature difference 
MER Minimum energy requirement 
MTD Minimum temperature difference 
PTD Pinch temperature difference 
SPA Spaghetti 
TDF Temperature driving force 

Appendix 

The detailed loop elimination process is given for the loop formed by different stream pairs, see Fig. A1. This type of loop can be expressed as a path 
consisting of a set of sequential nodes. The nodes on this path indicate the index of stream, and the start and end nodes represent a same stream. At 
least two hot streams and two cold streams are required to form this type of loop. The overall mode of loop elimination is that if a loop is found in the 
loop search process, this loop is taken out to eliminate, and then a new round of loop search is initiated. Loop search starts with a streams group 
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consisting of two hot streams and all cold streams. If there is no loop, a new hot stream is added to this group to search loops. This process is repeated 
until no loops are found.

Fig. A1. Flowchart of eliminating the loops formed by different stream pairs.  

Division of enthalpy intervals of the numerical experiment is shown in Fig. A2. Details of the optimum HEN for each of the considered cases in 
Tables 2 and 4 are shown in Table A1 and Table A2. 
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Table A1 
Optimal number of shells in series and its corresponding FT (in brackets) for each heat exchange unit in the optimum HENs of the verification cases when only one heat 
exchanger specification is used.  

Case Optimum HEN TDF plot E− 1 E− 2 E− 3 E− 4 E− 5 E− 6 E− 7 

1 Fig. A3 (a) Fig. A4 (a) 1(0.9882) 2(0.9534) 4(0.9025) 4(0.8720) 4(0.8737) 3(0.9158) 1(0.9271) 
2 Fig. A3 (a) Fig. A4 (a) 1(0.9882) 2(0.9534) 4(0.9025) 4(0.8720) 4(0.8737) 3(0.9158) 1(0.9271) 
3 Fig. A3 (a) Fig. A4 (a) 1(0.9882) 2(0.9534) 4(0.9025) 4(0.8720) 4(0.8737) 3(0.9158) 1(0.9271) 
4 Fig. A3 (a) Fig. A4 (a) 1(0.9882) 2(0.9534) 4(0.9025) 4(0.8720) 4(0.8737) 3(0.9158) 1(0.9271) 
5 Fig. A3 (a) Fig. A4 (a) 1(0.9882) 2(0.9534) 4(0.9025) 4(0.8720) 4(0.8737) 3(0.9158) 1(0.9271) 
6 Fig. A3 (a) Fig. A4 (a) 1(0.9882) 2(0.9534) 4(0.9025) 4(0.8720) 4(0.8737) 3(0.9158) 1(0.9271) 
7 Fig. A3 (a) Fig. A4 (a) 1(0.9882) 2(0.9534) 4(0.9025) 4(0.8720) 4(0.8737) 3(0.9158) 1(0.9271) 
8 Fig. A3 (a) Fig. A4 (a) 1(0.9882) 2(0.9534) 4(0.9025) 4(0.8720) 4(0.8737) 3(0.9158) 1(0.9271) 
9 Fig. A3 (a) Fig. A4 (a) 1(0.9882) 1(0.7767) 3(0.8115) 4(0.8720) 4(0.8737) 2(0.7761) 1(0.9271) 
10 Fig. A3 (a) Fig. A4 (a) 1(0.9882) 1(0.7767) 3(0.8115) 4(0.8720) 4(0.8737) 2(0.7761) 1(0.9271) 
11 Fig. A3 (a) Fig. A4 (a) 1(0.9882) 2(0.9534) 5(0.9396) 5(0.9216) 5(0.9228) 3(0.9158) 1(0.9271) 
12 Fig. A3 (a) Fig. A4 (a) 1(0.9882) 3(0.9798) 8(0.9771) 9(0.9769) 8(0.9712) 5(0.9716) 2(0.9838)   

Table A2 
Optimal number of shells in series and its corresponding FT (in brackets) for each heat exchange unit in the optimum HENs of the verification cases when two types of 
heat exchanger specifications are used.  

Case Optimum HEN TDF plot E− 1 E− 2 E− 3 E− 4 E− 5 E− 6 E− 7 

1 Fig. A3 (a) Fig. A4 (a) 1(0.9882) 2(0.9534) 4(0.9025) 4(0.8720) 4(0.8737) 3(0.9158) 1(0.9271) 
2 Fig. A3 (a) Fig. A4 (a) 1(0.9882) 2(0.9534) 4(0.9025) 4(0.8720) 4(0.8737) 3(0.9158) 1(0.9271) 
3 Fig. A3 (a) Fig. A4 (a) 1(0.9882) 2(0.9534) 4(0.9025) 4(0.8720) 4(0.8737) 3(0.9158) 1(0.9271) 
4 Fig. A3 (a) Fig. A4 (a) 1(0.9882) 2(0.9534) 4(0.9025) 4(0.8720) 4(0.8737) 3(0.9158) 1(0.9271) 
5 Fig. A3 (b) Fig. A4 (b) 1(0.9882) 2(0.9534) 4(0.9025) 4(0.8720) 2(0.8837) 11(0.9055) 1(0.9876) 
6 Fig. A3 (b) Fig. A4 (b) 1(0.9882) 2(0.9534) 4(0.9025) 4(0.8720) 2(0.8837) 11(0.9055) 1(0.9876) 
7 Fig. A3 (c) Fig. A4 (c) 1(0.9882) 6(0.8954) 5(0.9125) 4(0.8901) 6(0.8966) 1(0.9716) 1(0.9271) 
8 Fig. A3 (c) Fig. A4 (c) 1(0.9882) 6(0.8954) 5(0.9125) 4(0.8901) 6(0.8966) 1(0.9716) 1(0.9271) 
9 Fig. A3 (b) Fig. A4 (b) 1(0.9882) 2(0.9534) 3(0.8115) 4(0.8720) 2(0.8837) 9(0.8520) 1(0.9876) 
10 Fig. A3 (a) Fig. A4 (a) 1(0.9882) 2(0.9534) 4(0.9025) 4(0.8720) 4(0.8737) 3(0.9158) 1(0.9271) 
11 Fig. A3 (d) Fig. A4 (d) 1(0.9882) 6(0.8954) 5(0.9125) 4(0.8901) 4(0.8737) 3(0.9158) 1(0.9271) 
12 Fig. A3 (d) Fig. A4 (d) 1(0.9882) 6(0.8954) 5(0.9125) 4(0.8901) 4(0.8737) 5(0.9716) 1(0.9271) 
13 Fig. A3 (e) Fig. A4 (e) 1(0.9882) 2(0.9534) 4(0.9025) 4(0.8720) 6(0.8966) 1(0.9716) 1(0.9271) 
14 Fig. A3 (e) Fig. A4 (e) 1(0.9882) 2(0.9534) 4(0.9025) 4(0.8720) 6(0.8966) 1(0.9716) 1(0.9271) 
15 Fig. A3 (b) Fig. A4 (b) 1(0.9882) 2(0.9534) 4(0.9025) 4(0.8720) 2(0.8837) 11(0.9055) 1(0.9876) 
16 Fig. A3 (b) Fig. A4 (b) 1(0.9882) 2(0.9534) 4(0.9025) 4(0.8720) 2(0.8837) 11(0.9055) 1(0.9876)  

Fig. A2. Division of enthalpy intervals of the numerical experiment using for the accuracy verification.   
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Fig. A3. Optimum HENs for the verification cases: (a) cases 1, 2, 3, 4 and 10 in Table A2 and cases 1 to 12 in Table A1; (b) cases 5, 6, 9, 15 and 16 in Table A2; (c) 
cases 7 and 8 in Table A2; (d) cases 11 and 12 in Table A2; (e) cases 13 and 14 in Table A2.  
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Fig. A4. TDF plots for the verification cases: (a) cases 1, 2, 3, 4 and 10 in Table A2 and cases 1 to 12 in Table A1; (b) cases 5, 6, 9, 15 and 16 in Table A2; (c) cases 7 
and 8 in Table A2; (d) cases 11 and 12 in Table A2; (e) cases 13 and 14 in Table A2. 
For the case study, the division of enthalpy intervals and TDF plot at the PTD of 17 ◦C are shown in Fig. A5, and those at the PTD of 11.1 ◦C are shown 
in Fig. A6. 
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Fig. A5. PTD is 17 ◦C for the case study: (a) division of enthalpy intervals for capital cost target calculation; (b) TDF plot for the newly designed network.  

Fig. A6. PTD is 11.1 ◦C for the case study: (a) division of enthalpy intervals for capital cost target calculation; (b) TDF plot for the newly designed network.  
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