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Abstract—Considerable research effort has been reported in 
cost-optimal operation of heat exchanger network. However, 
most of them neglect the pressure drop influence and as-
sume constant film heat transfer coefficients. Pressure drop 
of streams are important influencing factors for the perfor-
mance of heat exchanger network operation. In this paper, a 
general cost-optimal operation model considering pressure 
drop constraints and removing the assumption of constant 
film heat transfer coefficients is proposed. It is necessary to 
determine the pumping power cost required as part of oper-
ating cost function. The extended model is applied to one 
example taken from previous research, and the results 
prove that the proposed method can obtain more real opti-
mization results for HEN operational optimization prob-
lems. 

Index Terms—Heat exchanger network, Cost-optimal opera-
tion, Film heat transfer coefficient, Pressure drop. 

I. INTRODUCTION 
Large number of literatures has been done on heat ex-

changer network synthesis (HENS). Yee and Gross-
mann[1] proposed a mixed integer nonlinear programming 
(MINLP) model considering simultaneously utility cost, 
exchanger areas and selection of matches, which can ex-
plicitly handle the trade-off between the capital and run-
ning cost. To obtain robust and ease solution, several sim-
plifying assumptions are made such as isothermal mixing, 
constant film heat transfer coefficients, single design con-
dition, no stream bypass, etc. Further developments have 
been complete for near real industry problems based on 
stage-wise superstructure representation (Ponce-Ortega, 
et.al[2]; Frausto-Hernández et al.[3]; Verheyen & 
Zhang[4]; Kaj-Mikael Björk & Tapio Westerlund[5]).  

Although the synthesis methods have been developed 
successfully for HEN, there is no guarantee that minimum 
annual cost and flexibility can satisfy ideal target, since 
synthesis and detail design are not conducted in the same 
stage. It is necessary to confirm best performance of HEN 
system after design confronting with different disturb-
ances, such as supplying temperatures, flow rates, fouling, 
pressure drop allowance, etc. Researches on detailed 
simulation and operation optimization have to be focus on 
to figure out contradiction between design and real situa-
tions. Mathisen et al.[6] discussed bypass selection meth-
od of HEN for controlling all critical targets, without con-
sidering utility cost. Glemmestad et al.[7] proposed an 
optimal operation of HEN method considering both target 

temperatures and utility consumption minimized. Online 
optimization and control method was investigated by 
Aguilera & Marchetti[8] which can serve to have prelimi-
nary solutions to optimization problem for manipulating 
system. Glemmestad et al.[9] presented robust optimal 
operation method of HEN considering self-optimizing 
control. However, most papers ignored maintenance cost 
and pumping cost during the operating charge. Mitigating 
fouling cost is concluded in operating cost for optimiza-
tion of operating conditions by Rodriguez and Smith[10]. 

In this paper, the pumping cost resulting from pressure 
drop during HEN system is introduced into operation op-
timization model, based on stage-wise superstructure rep-
resentation proposed by Yee and Grossmann. One simple 
example is studied to illustrate the proposed approach. 

II. MODEL DESCRIPTION 

A. Unit model 
Steady state model of heat exchangers:  
In this work, all exchangers are assumed the same type 

with a single shell pass and a single tube pass counter flow 
arranging. The P-NTU method is used to model heat ex-
changers. The outlet temperatures of streams are deter-
mined as follows: 

Outlet temperature of hot stream 

 ( )( )( ) ( )( )1 h cout in inTh R P T R P T= ! + . (1) 

Outlet temperature of cold stream 

 ( ) ( )h 1- cout in inTc P T P T= + . (2) 

Where Thout is outlet temperature of hot stream; Tcout is 
outlet temperature of cold stream. R is heat capacity rate 
ratio; P is referred to as thermal effectiveness. R and P are 
formulated as follows: 
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Where Wc is heat capacity flow rate of cold stream; Wh 
is heat capacity flow rate of hot stream; NTU is defined as 
number of transfer units that can be shown as follow: 
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Besides thermal transfer model, pressure drop is also an 
important issue of a heat exchanger, which has to be con-
sidered properly in heat exchanger network operation. For 
an exit HEN system, pumps/compressors have already 
been installed. Therefore, maximum pressure drop of the 
whole stream through the HEN system is fixed up. Power 
cost is one key component of operating cost besides hot 
and cold utilities. The pressure drop in HEN system can 
be considered into economic operation. Polley et al.[15] 
developed a general relationship between frictional pres-
sure drop and convective film heat transfer coefficients as 
follows: 

 mP KAh! = . (8) 

Where !P is the pressure drop of exchanger, A is heat 
transfer area and h is the film heat transfer coefficient. 
Based on Bell-Delaware method, the derived equations 
are shown by Frausto-Hernández et al. as follows: 

Tube side equation 

 3.5
T PT TP K Ah! = . (9) 

 

n0.8

0.023 pi
T

i

Cdkh
d k

µ!"
µ

# $# $
= % &% &

' ( ' ( . (10) 

Shell side equation 
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Where S and T stand for shell and tube. The parameters 
KPT and KPS depend on the geometry and physical proper-
ties of the streams. 
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Where ! is the correction factor; µ is the viscosity, 
kg/m·s; " is the density, m3/kg; gc is the gravity constant, 
m3/kg·s; k is the thermal conductivity, W/m·°C; Cp is the 
heat capacity, J/kg·°C; Ltp is tube pitch, m; v is velocity of 
streams, m/s; di is the internal diameter of the tubes and de 
is the external diameter of the tubes, m; d0 is equivalent 

diameter, m; n is assigned to 0.4 when heated and to 0.3 
when cooled. 

 
Bypass:  
Bypass is one important manipulated variable for target 

temperature during HEN system operation. Through the 
use of process exchanger bypasses, heat duty of heat ex-
changers and outlet temperature of streams can be 
changed indirectly. The bypass model can be formulated 
as follows: 

 ( )b 1 ,0 1W r W r= ! < < . (15) 

 (1 )out in out
bT rT r T= + ! . (16) 

Where r represents bypassed flow fraction of streams; 
Wb is heat capacity flow rate through heat exchanger. 

 
Splitter and mixer:  
The splitters and mixers are assumed setting in entry 

end and exit end of each stage respectively. All the 
branches in a stream are remixed before leaving the net-
work. The mass and energy balance formulations are 
shown as follows: 

For splitter: 
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For mixer: 
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B. Stage-wise superstructure model 
This section provides a formulation of NLP optimal op-

eration model based on stage-wise superstructure repre-
sentation proposed by Yee and Grossmann. The general 
model involves heat balance for each stream, energy bal-
ance for each stage and each exchanger, mass balance and 
energy balance for splitter and mixer, logical constraints 
for temperatures and pressure drops. The aim of the NLP 
model is minimization of running cost consisting of utility 
cost and power cost. 

Objection function:  
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Constraint equations for pressure drops: 
Total  pressure drop of each stream 
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Feasibility of pressure drop 

 i iP PMAX! " . (24) 

 j jP PMAX! " . (25) 

Nomenclature: 
Parameter 
Qh —— Hot utility consumption, kW 
Qc —— Cold utility consumption, kW 
PMAX —— Maximum pressure drop allowance of each 

stream, Pa. 
c_cu —— Per unit cost for cold utility, $·kW-1 
c_hu —— Per unit cost for hot utility, $·kW-1 
c_p —— per unit cost for power, $·kW-1 
Fh —— hot stream volume flow, m3/s; 
Fc —— cold stream volume flow, m3/s; 
Superscript 
in —— Inlet; 
out —— Outlet. 
Subscript 
i —— Index of hot stream; 
j —— Index of cold stream; 
k —— Index of stage. 
 

III. CASE STUDY AND DISCUSSION 
The example used in this work comes from the work of 

Glemmestad et al. The given HEN structure is shown in 
Fig. 1. The HEN superstructure is divided into two stages. 
E1 and E2 locate in stage 1 and stage 2 respectively. Hot 
fluid flow through tube side in E1 and flow through shell 
side in E2. As an optimal operation problem, there are 
three final controlled variables which are outlet tempera-
ture of H1, C1 and C2. Four manipulated variables of two 
bypasses, a heater and a cooler are used for guaranteeing 
target temperatures. Marselle et al.[12] defined the re-
maining degrees of freedom(NDOF), NDOF equals to 
number of manipulated variables minus number of con-
trolled variables. If NODF is not less than zero, the opera-
tion of HEN is feasible and operating cost can be opti-
mized. For this example, the NDOF is one so that mini-
mum operating cost can be obtained through adjust ma-
nipulated variables. During the work of Glemmestad et al, 
film heat transfer coefficients of streams are given con-

stant, no pressure drop constraints are considered during 
operation. To get closer to industrial reality, various heat 
transfer coefficients associated with heat capacity flow 
rate are incorporated into HEN model. For this reason, 
more physical property parameters of streams such as 
density, viscosity, specific capacity and thermal conduc-
tivity have to be complemented, which are supplied in 
Table 1. For the same reason, pressure drop analysis of 
exchangers is necessary for HEN. Pressure drop has a 
relationship with Geometries property of heat exchangers. 
Therefore, geometries information of heat exchangers are 
added shown in Table 2. The disturbances still take place 
in the H1 and C2. The inlet temperature of H1 and the 
heat capacity flow rate of C2 vary during operation. Five 
different operating cases are shown in Table 3. For sim-
plicity, it is assumed that the utility heat exchangers are 
able to deliver sufficient duty for all possible cases. 

The proposed method is applied in this example step by 
step obtaining the best operation project for different cas-
es. First, target temperature and maximum pressure drop 
allowance must be guarantee for reasonable operation. 
!PH1, !PC1 and !PC2 represent the overall pressure drop 
of each stream through HEN, which is calculated by add-
ing pressure drop of each unit located in the stream. The 
pumping cost is proportional to overall pressure drop. 
Two bypasses ratio and heat duty of heater and cooler are 
determined for minimized utility cost including power 
cost. Optimized results are shown in Table 4.  

Physical property of streams and five different cases 
shown in Table 1 and Table 3 can be used to determine 
optimal operation for the aspect of constant heat transfer 
coefficient and without considering pumping cost. As can 
be seen in Table 5, the bypass ratio values are usually 
larger than the values considering non-uniform overall 
heat transfer coefficient in order to obtain cost-optimal 
operation. For case 1, the bypass ratio values are uniform 
because the UA are the same for two aspects. For other 
case 2, u1 is 0.105 in Table 5 and 0.0774 in Table 4, which 
results from the different UA value. It is obvious that the 
latter is near the real situation because the heat transfer 
coefficient is also influenced by uncertain input parame-
ter. When supplying parameter of streams changes to an-
other condition, UA has to be revaluated to obtain real 
heat transfer duty. 

 
Figure 1.  Structure of HEN 
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TABLE I.   
PHYSICAL PROPERTY FOR STREAMS 

Stream Tin(°C) Tout(°C) Cp(J/kg·°C) W(kJ/°C·s) !(kg/m3) µ(kg/m·s) k(W/m·°C) 
H1 190 20 2600 30 700 0.24"10-3 0.114 
C1 80 160 2600 45 700 0.24"10-3 0.114 
C2 20 130 1000 15 600 0.24"10-3 0.114 

Steam cost: 60 $/kW/year Water cost: 6 $/kW/year Power cost: 2 $/kW/year 

TABLE II.   
DETAIL DATA FOR HEAT EXCHANGERS 

Exchanger A(m2) Di(m) De(m) D0(m) Pt(m) 
E1 22 0.017 0.019 0.0243 0.0254 
E2 86 0.017 0.019 0.0243 0.0254 

TABLE III.   
DATA OF DIFFERENT CONDITIONS 

Work condition Tin(H1) 
(°C) 

W(H1) 
(kJ/°C·s) 

Tin(C1) 
(°C) 

W(C1) 
(kJ/°C·s) 

Tin(C2) 
(°C) 

W(C2) 
(kJ/°C·s) 

Case 1 190 30 80 45 20 15 
Case 2 187 30 80 45 20 14.7 
Case 3 187 30 80 45 20 15.3 
Case 4 193 30 80 45 20 14.7 
Case 5 193 30 80 45 20 15.3 

TABLE IV.   
OPTIMIZATION RESULTS CONSIDERING NON-UNIFORM OVERALL HEAT TRANSFER COEFFICIENT 

Optimization results Case1 Case2 Case3 Case4 Case5 
u1 0 0.0774 0.1468 0 0 
u2 0 0 0 0.0251 0.0110 

Qc(kW) 1951.3 1964.3 1935.8 2040.6 1974.6 
Qh(kW) 2401.3 2471.3 2508.8 2367.6 2367.6 
!PH1(kPa) 1470.9 1393.1 1327.6 1470.9 1470.9 
!PC1(kPa) 7196.4 7196.4 7196.4 7196.4 7196.4 
!PC2(kPa) 5328.5 5007.7 5666.9 4631.2 5443.2 

Pumping power cost($) 671 647 688 631 682 
Utility cost($) 155773 160045 162146 154301 153904 

Total operating cost($) 156444 160692 162834 154932 154586 

TABLE V.   
OPTIMIZATION RESULTS CONSIDERING CONSTANT OVERALL HEAT TRANSFER COEFFICIENT 

Optimization results Case1 Case2 Case3 Case4 Case5 
u1 0 0.105 0.292 0 0 
u2 0 0 0 0.036 0.011 

Qc(kW) 1951.1 1951.8 1948.4 2040.4 1974.4 
Qh(kW) 2401.1 2458.8 2521.4 2367.4 2367.4 

Total operating cost($) 155773 159239 162974 154304 153908 
 

IV. CONCLUSION 
  Most HEN operation optimization procedures reported 

assume heat transfer efficient constant and do not consider 
the pressure drop aspects of the problem. It is well-known 
that heat transfer efficient and pressure drop are important 
factors influencing the performance of HEN. The former 
can change heat duty of heat exchanger directly, which 
has a relationship with the latter. Besides influenced heat 
transfer rate, pressure drop means pumping power cost is 
required. A simple model based on stage-wise superstruc-
ture is proposed for optimal operation problem, which is 
extended by incorporating equations of heat transfer effi-
cient and pressure drop during each heat exchanger net-
work. The case study proves that the proposed method can 
obtain more real optimization results for HEN operational 
optimization problems. 
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