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A B S T R A C T   

Energy recovery in conventional thermal systems like power plants, refrigeration systems, and air conditioning 
systems has enhanced their thermodynamic and economic performance. In this regard, compact heat exchangers 
are the most employed for gas to gas energy recovery because of their better thermal performance. This paper 
presents an economic optimization of a crossflow plate-fin heat exchanger with offset strip fins. A detailed 
software-based numerical code for thermal, hydraulic, economic, and exergy analysis is developed for three fin 
geometries. Genetic Algorithm, parametric, and normalized sensitivity analyses are used to discover the most 
influential parameters to optimize the total cost. The parametric study showed that with the increase of mass 
flow rates and plate spacing, outlet stream cost and operating cost increased due to the rise in pressure drops. 
Finally, the optimization reduced the operational cost by ~78.5%, stream cost by ~64.5%, and total cost by 
~76.8%.   

Introduction 

Heat exchangers are the backbone of energy recovery systems and 
have been focused on growing concerns over energy conservation and 
efficient systems design. Particularly, the compact heat exchangers 
(CHEs) have attained significant attention due to the larger heat 
exchanger surface area per unit volume. The two main types of these 
heat exchangers are the tube-fin heat exchangers and the plate-fin heat 
exchangers (PFHEs) [1]. The PFHEs are preferred in liquefaction plants 
[2], air separation [3], cryogenic applications [4,5], aerospace [6], and 
petrochemical [7] industries because of high thermal effectiveness, 
compact size, and lightweight [8]. Therefore, significant research has 
been conducted to analyze these heat exchangers. 

For instance, Saggu et al. [5] analyzed the fin reliability of a PFHE in 
liquefied natural gas (LNG) applications. They employed finite element 
analysis to the brazed joint stress produced by the high-temperature 

gradient and reported that the stress in the upper face is reduced by 
18%. Nuňez et al. [9] studied the surface selection designs of PFHEs. 
They presented a new design algorithm based on the volume perfor-
mance index that offered a direct solution to the sizing of PFHEs, unlike 
the traditional design procedures. Wen and Li [10] proposed the 
installation of baffles in the header for improved fluid flow distribution 
that enhanced the heat exchanger performance by reducing the flow 
maldistribution parameters from 0.95 to 0.32. Yang and Li [11] reported 
that geometrical attributes like fin dimensions and fin-channel charac-
teristics considerably affect the overall heat exchanger performance. 
They also proposed a correlation and stated that it predicts 92.5% of the 
Colburn factor (j) data and 90.3% of the Fanning friction factor (f) data 
within 20%, with less than 15% RMS errors. Aliabadi et al. [12] 
analyzed corrugated plate-fin (CPF) and vortex generator plate-fin 
(VGPF) heat exchangers and proposed a new design for enhanced per-
formance. They reported that the proposed method had 76.6% higher 
Nu for the CPF channel and 53.2% for the VGPF channel compared to 
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the empty duct. Similarly, Aliabadi et al [13], investigated three passive 
techniques to enhance the wavy plate-fin heat exchanger (WPFHX) and 
reported winglets WPFHX has a maximum performance factor of 1.26 
compared to the conventional one. Jiang et al. [14] studied the CHE 
with offset strip fins for cryogenic helium and reported the most influ-
ential parameters to be fin space, thickness, and Reynold number for 
optimal performance. 

Besides, the numerical optimization of heat exchangers has also been 
proven to be an effective approach for overall performance improve-
ment through re-adjustment of operating and design parameters [18]. 
For instance, peng and ling [7] using neural networks cooperated with 
genetic algorithms for the optimization of PFHX and optimization the 
annual cost by ~45%. Xie et al. [15] used a genetic algorithm for the 
cost, volume, and pressure drop optimization of PFHX and reported that 
the cost is reduced ~16%. Sanaye and Hajabdollahi [16] used multi- 
objective optimization for the PFHX and reduced the cost by 18%. Hu 
et al. [17] used the sine cosine algorithm to optimize the design of PFHX 
and reported that the optimum entropy generation unit is 0.0783. 
Ahmadi et al. [18] employed a multi-objective genetic algorithm to 
optimize these heat exchangers exegetic and economic performance. 
They reported that a higher exergy efficiency leads to efficient heat 
exchangers from the thermo-economic standpoint and fin pitch and 

height are the major design parameters. Jamil et al. [19] used a genetic 
algorithm and reduced the cost of shell and tube heat exchangers by 
~20%. Jamil et al. [20] optimized the plate heat exchanger and reduced 
the cost by ~53%. Raja et al. [21] proposed a many objective (four 
objectives) algorithm and compared it with a multi-objective (two 
objective) algorithm to optimize different design variables of a PFHE. 
They reported that the proposed method optimizes the design variable 
more accurately as they are close to the decision-making selected point 
compared to conventional techniques. Banooni et al. [22] used the bee 
algorithm for the optimization of PFHX and optimum the total cost per 
year by ~87%. A similar study by Zarea et al. [23] studied the appli-
cation of a Bees Algorithm Hybrid with Particle Swarm Optimization 
(BAHPSO) on the PHEs. Their study presented high-level accuracy and 
efficiency because of the low total annual cost (938.9 $/year) and high 
effectiveness (0.9385) compared to Jaya algorithm. 

The literature review suggests that most of the studies presented 
above are limited to conventional thermal-hydraulic analysis and very 
few studies are reported on the economic aspects. The rigorous heat 
exchanger design and optimization studies covering thermal, hydraulic, 
exergy, sensitivity, and economic aspects for different fin surfaces are 
not available. Therefore the current study is focused on adding value to 
the existing literature by achieving the following objectives (a) a 

Nomenclature 

A heat transfer area, m2 

Af fin area, m2 

BP blowing/pumping power, kW 
b plate spacing/fin height, m 
C* heat capacity ratio 
Ċ product cost, ($/h) 
Cele cost of electricity, $/kWh 
Cindex cost index factor 
Cinv investment cost 
Co annual current cost, $/y 
Cop/Copc operational cost 
Cp specific heat capacity, J/kg.K 
Ctotal the total cost of equipment, $ 
D diameter, m 
Dh hydraulic diameter, m 
ex specific exergy, k.J/kg 
f Fanning friction factor 
G mass flux, kg/s m2 

h heat transfer coefficient, W/m2.K 
h′ enthalpy, kJ 
H′ difference between fin height and fin metal thickness, m 
i interest rate, % 
j Colburn Factor 
K thermal conductivity, W/m.K 
K′ reference cost constant 
L1 hot flow length of the heat exchanger, m 
L2 cold flow length of the heat exchanger, m 
L3 non-flow length of the heat exchanger, m 
ls fin offset length, m 
ṁ flow rate, kg/s 
ny equipment life, year 
Pr Prandtl number, 
ΔP pressure drop, Pa 
q heat transfer rate, W 
Re Reynolds number 
s spacing between adjacent fins, m 
S entropy, J/K 

T Temperature 
U overall heat transfer coefficient, W/m2.K 
V velocity, m/s 
V̇ volume flow rate, m3/s 
Ẇp blower work, kW 
X exergy, kW 
XD exergy destruction, kW 
Ż the annual rate of capital investment, $/y 

Greek Symbols 
Λ operation hours, hour 
β the ratio of total heat transfer area to the volume between 

plates, m2/m3 

δ fin metal thickness, m 
δw plate thickness, m 
ε Effectiveness 
ρ density, kg/m3 

μ viscosity, Pa.s 
ζ Fin surface geometry type 
η Efficiency 

Subscripts 
0 dead state 
A air 
c,i cold in 
c,o cold out 
f fin 
fr frontal 
g gas 
h,i hot in 
h,o hot out 
i in 
max maximum 
min minimum 
o outlet 
p plates 
ref reference 
W wall or window  
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detailed thermohydraulic heat exchanger design for heat transfer co-
efficients, pressure drops, pumping power, etc. for different fin geome-
tries, (b) exergy and economic analyses using conventional economic as 
well as advanced exergo-economic approaches, (c) a thorough para-
metric analysis using a meticulous normalized sensitivity and one factor 
at a time approaches, and (d) an economic optimization using Genetic 
Algorithm. 

Materials and methods 

Heat exchanger configuration and design 

The plate-fin heat exchangers (PFHXs) are used in power plants as 
energy recovery units as illustrated in Fig. 1. PFHXs recover waste en-
ergy and are supplied where required. The system considered consists of 
a single pass crossflow plate-fin heat exchanger employed for air pre-
heating by recuperating energy from a waste heat stream coming from a 
cogeneration plant [24]. Two centrifugal fans rated to maintain the flow 

rate and pressure are integrated with the HX for a complete plant layout, 
as shown in Fig. 2. For preliminary design and analysis, the process and 
design parameters comprising of temperatures, flow rates, and geo-
metric specifications are taken from the literature [25] as summarized in 
Table 1. These parameters are selected from the literature for initial 
validation [1,16,25–27]. 

The design of the heat exchanger involves a calculation of heat 
transfer coefficients (hg and ha), pressure drops (ΔPg and ΔPa), and 
overall heat transfer coefficient (U) [28]. In the present study, the ε-NTU 
approach is used to predict the performance of PFHE. The PFHE is 
assumed to be running under a steady state, and the area distribution 
and heat transfer coefficients are considered uniform and constant. The 
number of passages for the gas side is assumed to be one passage less 
than airside passages. Table 2 presents the thermal and hydraulic model 
formulation of PFHE. 

Fig. 1. Energy recovery in power plants using a compact heat exchanger.  

Fig. 2. Schematic of heat exchanger configuration considered [18,25].  

Table 1 
Specifications of the heat exchanger setup with basic surface characteristics for 
an offset strip fin surface (1/8–19.86) [25].  

Parameter Value 

Process 
Volume flow rate (gas/air), m3/s 3.494/ 

1.358 
Inlet temperature (gas/air), ◦C 900/200 
Inlet pressure (gas/air), kPa 160/200  

Geometric 
Hot flow length of HX, L1, m 0.3 
Cold flow length of HX, L2, m 0.3 
Non-flow length of HX, L3, m 1.0 
Plate spacing/Fin height, b, m 0.00249 
Fin offset length, ls, m 0.00318 
Hydraulic diameter, Dh, m 0.00154 
Fin metal thickness, δ, m 0.000102 
The ratio of fin area to the total area, Af/A 0.785 
The ratio of total heat transfer area to the volume between plates, β, 

m2/m3 
2254 

Plate thickness, δw, m 0.0005  
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Exergy and economic analysis 

In addition, the heat exchanger is examined using the Second Law of 
thermodynamics to estimate the system irreversibility [29]. For this, the 
exergy destruction is calculated by applying the general exergy balance 
given for HX in Eq. (12) and the blower in Eq. (13). 

XD,PFHE = Xa,i +Xg,i − Xa,o − Xg,o (12)  

XD,B = Xw,i + ẆB,i − Xw,o (13) 

The stream exergy is calculated using the respective flow rate, 
enthalpy, and entropy as [19]. 

X = ṁ
[(

h
′

− h
′

0

)
− T0(s − s0)

]
(14) 

The economic analysis involves the calculation of the capital and 
operational expenses of the system [30]. For the capital cost, the cor-
relations presented in the literature are used for blower and heat ex-
changers as given in Eqs. (15) to (20) [31]. 

Cinv,Blower = CindexK
′

V̇n (15)  

K =
Cinv,Ref

V̇Ref
(16) 

where V̇, K′ , and n is the volume flow rate, reference cost const, and 
exponent of cost, respectively. Furthermore, it is important to mention 
that the correlations used above for the cost analysis were developed 
back in years. The correlations predict the cost with accuracy and pre-
cision only for the time they were developed [32]. Therefore, cost 
indices are used to accommodate the market variation and inflation to 
implement the cost correlation in current times [33]. For this purpose, 
the idea of using a cost index factor (Cindex) has been adopted [19,34,35] 
and the values for Cindex, Cinv,ref, Vref. and n are adapted from [31,36]. 

While for heat exchangers, the capital cost is mainly dependent upon 
the heat exchanger investment cost per unit area (CA), effective area (A), 

and cost constant (n). The correlation used for the capital cost of PFHE 
(Cin,HX) is given as [15]. 

Cinv,HX = CA An (17) 

The operational cost is calculated using current annual cost Co ($/y), 
unit energy price Celec ($/kWh), equipment life, ny (year), operational 
availability Λ (hour), annual inflation rate, i (%), and energy consump-
tion/power of the blower, BP (kW) as. 

Cop =
∑ny

j=1

Co

(1 + i)j (18)  

Co =

⎛

⎝
ṁa Δ pa

ρa
+

ṁg Δ pg

ρg

⎞

⎠×
1
η × Celec × Λ (19) 

The values of economic parameters are taken as ny = 10 year, 
= 5000 h/y, i = 10%, Celec = 0.02 ($/kWh) and η = 60% [22]. 

Finally, the stream cost is calculated using the capital cost rate of the 
component and cost rate of all the inlet and outlet streams as given 
below [37,38]. 

Ċo = Σ Ċi + λ (20) 

The capital cost rate of each component is calculated as [39,40]: 

λ = Cinv ×
i × (1 + i)ny

(1 + i)ny − 1
×

1
3600 Λ

(21) 

The respective cost balance equations for blower and heat exchanger 
are given as: 

Ċo = Ċi +Celec ẆBlower + λBlower (22)  

Ċc,o = Ċc,i + Ċh,i − Ċh,o + λPFHE (23) 

The additional auxiliary equation to solve heat exchanger cost bal-
ance is given as [41,42]. 

Table 2 
Modeling equations for PFHE with offset strip fin (ζ = 1/8–19.86) [16,25].  

Parameter Equation No. 

Heat capacity ratio and number of transfer units C* =
Cmin

Cmax
, NTU =

UA
Cmin  

(1) 

The outlet temperature of fluids Ta,o = Ta,i +
q
Ca

, Tg,o = Tg,i −
q
Cg  

(2) 

Heat transfer rate q = ε
(
Tg,i − Ta,i

)
Cmin  (3) 

Heat transfer area Ag = βgVp,g , Aa = βaVp,a  (4) 
Frontal area Afr,g = L2L3, Afr,a = L1L3  (5) 
The minimum free flow area 

Aa,g =
(DhA)g

4 Lg
, Aa,a =

(DhA)a
4 La  

(6) 

The Colburn factor for offset strip fin 
j = 0.6522Re− 0.5403

( s
H′

)− 0.1541
(

δ
ℓs

)0.1499(δ
s

)− 0.0678

×

[

1 + 5.269 × 10− 5Re1.340
( s

H′

)0.504
(

δ
ℓs

)0.456(δ
s

)− 1.055
]0.1

120 < Re < 104  

(7) 

Fanning friction factor for offset strip fin 
f = 9.6243Re− 0.7422

( s
H′

)− 0.1856
(

δ
ℓs

)0.3053(δ
s

)− 0.2659

×

[

1 + 7.669 × 10− 8Re4.429
( s

H′

)0.920
(

δ
ℓs

)3.767(δ
s

)0.236
]0.1

120 < Re < 104  

(8) 

Reynolds number Re =
GDh

μ where G =
ṁ
Aa  

(9) 

Heat transfer-coefficient h =
jGcp

Pr
2
3  

(10) 

Pressure drop (air/gas) sides 

ΔPa/g =
G2

2gcρi,a/g

⎡

⎢
⎢
⎢
⎢
⎣

(
1 − σ2 + Kc

)
+ 2

(ρi,a/g

ρ◦ ,a/g
− 1

)

+

f
L
rh

ρi,a/g

(
1

ρa/g

)

m
−
(
1 − σ2 − Kc

) ρi,a/g

ρ◦ ,a/g

⎤

⎥
⎥
⎥
⎥
⎦

(11)      
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Ċh, i

Xh, i
−

Ċh, o

Xh, o
= 0 (24)  

Sensitivity analysis 

Sensitivity analysis is an important tool to predict a model’s most 
influential and responsive parameters [43]. This technique is beneficial 
as it improves system performance and highlights the critical areas for 
future research [44]. Calculus-based sensitivity analysis is the most 
reliable method to identify the essential input parameters [45]. Recently 
modified techniques known as Normalized Sensitivity Coefficient (NSC) 
and Relative Contribution (RC) is an easy and extensive way to find the 
uncertainty of the model and dominant uncertainty contribution of the 
model against different input parameters [46]. The NSC is a flexible way 
as it allows the one-by-one comparison of parameters. 

The working of NSC is illustrated in Fig. 3, which involves the se-
lection of output performance parameters and the input parameters. 
After that, the perturbation (usually taken as ± 1%) of the nominal value 
of the input parameters is selected. Then, the partial derivate is calcu-
lated concerning different input parameters followed by the sensitivity 
Coefficient (SC) calculation for all performance parameters. The third 
step calculates the total uncertainty and normalized sensitivity using the 
given formulae (refer to Fig. 3. Finally, the NSC and RC are calculated 
for which a detailed procedure is shown in Fig. 2 [19,20]. 

Numerical solution strategy 

The heat exchanger was numerically solved using the above model 
for thermal, hydraulic, exergy, and economic analyses. These equations 
were modeled in Engineering Equation Solver (EES) software. In the first 
step, inlet temperatures, pressures, volume flow rates, and typical values 
of geometrical parameters for a rectangular offset strip fin ζ = 1/ 

8–19.86 [1] were provided as input data. Then the numerical model was 
modified to study three different commercially available offset strip fin 
geometries, i.e., (ζ = 1/8–19.86, 1/8–15.61, and 1/9–22.68). The 
thermophysical properties and geometry-dependent factors such as j and 
f were calculated using the EES internal library routines. After that, the 
values of thermal performance parameters such as NTU, local, global 
heat transfer coefficient, heat duty, pressure drops, and economic pa-
rameters were calculated. Finally, the Genetic Algorithm (GA) was 
employed to optimize the HX design for minimum cost. 

The numerical code was validated with the literature [25], followed 
by a comprehensive thermal, hydraulic, exergetic, and exergo-economic 
analysis. The assumptions steady-state operation, uniform and constant 
area distributions, uniform heat transfer coefficients were taken for the 
solution. The solution flow diagram is shown in Fig. 4. 

Results and discussion 

Numerical model validation and preliminary analysis 

The literature validated the numerical model for ζ = 1/8–19.86 with 
the rating problem for crossflow PFHE [16,25]. The difference between 
the values obtained from the EES model and literature is presented in 
Table 3. The results obtained with the developed EES model were 
satisfactorily close to those presented in the literature with a maximum 
discrepancy of ± 7.8%. Meanwhile, it is worth mentioning that the 
values for j and f factor and ε-effectiveness for respective fin geometry of 
PFHE were accessed directly from the EES software library because of 
higher accuracy. Moreover, the equations of exergy, economics, and 
advanced economics were coupled with the initial design equations. So 
the initial thermohydraulic design of the heat exchanger was conducted 
first. However, the data set produced by this analysis may be subse-
quently used for design and performance evaluation of different 

Fig. 3. Working procedure of normalized sensitivity analysis.  
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operational conditions using other algorithms like AI, machine learning 
where the initial design is not required. 

The current study presents a comparison between output values for 
three different plate-fin surface geometries (ζ = 1/8–19.86, 1/8–15.61, 
and 1/9–22.68) as shown in Table 4. The heat transfer area for the 
airside (Aa) appeared to be different for all fin types because it depends 
directly on the heat exchanger volume between plates, calculated using 
the plate spacing. Since ζ = 1/9–22.68 has a larger plate spacing than 
the rest of the two, it has a higher value of heat transfer area. Similarly, 
Reynold’s number is dependent on the hydraulic diameter. 

The heat transfer coefficient values depend upon the Colburn factor 
(j), specific heat and mass flow rates of respective fluids, etc. Since the 
values of j and f factors changed with fin surface geometry, the heat 
transfer coefficient values varied accordingly. Moreover, the pressure 
drop values also changed with the change of fin surface geometry which 
is evident from their correlations in Table 2. It was mainly due to the 
Fanning friction factor (f) in the correlation of pressure drop. Overall, 
the change of fin surface geometry somehow affected almost all the 
important parameters used to model a PFHE. 

Sensitivity analysis 

The sensitivity analysis for NSC and RC for CF-PFHX with fin 
configuration (ζ = 1/8–19.86) was conducted for the five output pa-
rameters (i.e., U, ha, ΔPa, Cop, and Ċa,o). The input parameters, i.e., 
process parameters (Vg, Va, Ta,i, Tg,i) and design parameters (L1, L2, L3, δ) 
were considered for sensitivity analysis. The results are summarized in 
Tables 5-9. Table 5 highlights the sensitivity of the overall heat transfer 

Fig. 4. Solution flow chart.  

Table 3 
Validation of EES numerical code with literature (for ζ = 1/8–19.86).  

Parameter  Current 
study 

Literature  
[16] 

Literature  
[25]. 

Error 
% 

Pressure drop (Pa) Gas 9021 8706 9031 0.1–4.4 
Air 8345 8134 8394 0.5–2.5 

Heat transfer 
coefficient W/(K. 
m2) 

Gas 350.5 370.50 360.83 2.8–5.7 
Air 344.1 371.49 336.81 2.1–7.8 

Outlet temperature 
(K) 

Gas 597.1 – 591.5 0.94 
Air 973.3 – 978.2 0.5  

Table 4 
A preliminary design with three plate-fin surface geometries for an air to air 
crossflow plate-fin heat exchanger.  

Parameter Plate fin surface geometry (ζ) 

1/ 
8–19.86 

1/ 
8–15.61 

1/ 
9–22.68 

Airside heat transfer area, m2 85.35 66 89.66 
Airside Reynolds number 830 1073 790.1 
Airside heat transfer coefficient, W/(m2K) 344.1 301.6 305.7 
Gas side Reynolds number 576.8 751.6 554.7 
Gas side heat transfer coefficient, W/ 

(m2K) 
350.5 309.9 336.7 

Overall heat transfer coefficient, W/(m2K) 152.5 92.99 78.95 
Air side pressure drop, Pa 8345 3951 5911 
Gas side pressure drop, Pa 9021 4228 6731 
Air side performance parameter, (m/s/K) 0.04123 0.07634 0.05171 
Blowing power (kW) 71.42 33.57 52.57 
Total exergy destruction (kW) 148 136.3 149.9 
Investment cost of heat exchanger ($) 2205 1890 2271 
Total investment cost ($) 2345 2039 2420 
Total annual capital investment rate ($/h) 0.07662 0.06636 0.07878 
Operating cost ($) 43,883 20,625 32,304 
Total cost ($) 44,242 20,933 32,674 
Air side product cost ($/h) 1.313 0.6141 0.9474  
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coefficient with a total uncertainty of ± 0.9871. It shows that for the 
given system and chosen parameters, the most influential and critical 
parameter in NSC was the non-flow length (L3) with NSC = 0.197. It was 
followed by the volume flow rate of gas (Vg) > gas flow length (L1) >
airflow length (L2) > volume flow rate of air (Va) > fin thickness (δ) >
inlet temperature of air (Ta,i) > inlet temperature of the gas (Tg,i), 
respectively. In contrast, the dominant parameters with the highest RC 
were non-dimension flow length (L3) with ~ 47% contribution, as 
shown in Table 5. 

Likewise, Table 6 shows the local heat transfer coefficient (ha) with a 
total uncertainty of ± 2.94. In term of NSC, it was observed that the most 
critical parameters was L1 (NSC = 0.2663) followed by L3 > Va > Ta,i >

Vg > Tg,i > L2 > δ respectively while the non-flow length (L3) had the 
highest RC with ~ 35% contribution. Similarly, Table 7 shows the 
sensitivity of the pressure drop of the airside (ΔPa) with a total uncer-
tainty of ± 0.179. It shows that the most influential parameter in term of 
NSC was L3 (NSC = 2.0747) followed by Va > Ta,i > Tg,i > L1 > Vg > L2 >

δ respectively while the dominant parameters with highest RC was 
airflow length (L2) with ~ 45% contribution. Similarly, Table 8 shows 
the impact of different parameters on operation cost with a total un-
certainty of ± 1167.49. It can be observed from Table 8, the most crucial 
parameter with highest NSC was Vg (NSC = 3.6157) followed by L3 > L2 
> L1 > Va > Ta,i > Tg,i > δ respectively while the dominant parameters 
with highest RC were volume flow rate (Vg) with ~ 51% contribution. 
Furthermore, Table 9 shows the sensitivity of the product cost of airside 
(Ċa,o) with a total uncertainty of ± 0.03066. In term of NSC, it was 
observed that the most critical parameters is Vg (NSC = 2.3470) followed 
by L3 > L2 > Va > L1 > Ta,i > Tg,i > δ respectively while the Vg showed the 
highest RC with ~ 43% contribution. 

Parametric analysis 

This section involves the investigation of the effects of essential input 
parameters on the heat exchanger using the OFAT (one-factor-at-a-time) 
approach. The results are presented combined for three different offset- 
strip fin surface geometries (ζ = 1/8–19.86, 1/8–15.61, and 1/9–22.68) 
over a range of parameters. 

Effect of flow rate 
The mass flow rate is one of the most significant process parameters 

influencing the compact heat exchanger thermal, hydraulic, and eco-
nomic performance (as indicated in the sensitivity analysis). It was 
observed that (refer to Fig. 5a an increase in fluid flow rate increased the 
heat transfer coefficient (ha) as well as pressure drop (refer Fig. 5b). It 
occurred because of the increased Reynold number at high flow rates. 
The comprehensive thermohydraulic performance parameter (i.e., h/ 
ΔP) showed (see Fig. 5c) that the fin with ζ = 1/8–15.61 had the highest 
performance followed by ζ = 1/9–22.68, and ζ = 1/8–19.86 which 
decreased by increasing flow rate because of high fold increment in 
pressure drop compared to heat transfer coefficient. Besides, it is worth 
mentioning that an increase in flow rate also increased the heat 
exchanger operational cost because of higher blower power, as shown in 
Fig. 6a. Consequently, the hot air stream cost increased with increasing 
flow rate and pressure drop, as illustrated in Fig. 6(b). Also, the opera-
tional cost of the heat exchanger is different for different fin geometries 
and follows the following order ζ = 1/8–19.86 > ζ = 1/9–22.68 > ζ = 1/ 
8–15.61 due to the difference in geometrical parameters. 

Effect of plate spacing 
Plate spacing/fin height is another crucial geometric parameter 

affecting the performance of compact heat exchangers. The increase in 
plate spacing decreased the heat transfer coefficient and pressure drops 
(refer to Fig. 7a and b). Since the increase in plate spacing increased the 
heat transfer rate between plates, leading to lowered pressure drop and 
heat transfer coefficient. Moreover, j and f factors also vary with the 

Table 5 
The sensitivity of the overall heat transfer coefficient (U) to different parameters.  

Variable U′′
X  X  NSC RC (%) Γ ↓  U′′

Total  

Va 1% 1.358  0.02857  6.818 L3 0.9871 
Vg 1% 3.494  0.07749  18.496 Vg 

Ta,i 1% 473  0.00154  0.367 L1 

Tg,i 1% 1173  0.00027  0.065 L2 

L1 1% 0.3  0.05288  12.622 Va 

L2 1% 0.3  0.04725  11.278 δ 
L3 1% 1  0.19714  47.053 Ta,i 

δ 1% 0.000102  0.01382  3.299 Tg,i  

Table 6 
The sensitivity of the local heat transfer coefficient of airside (ha) to different 
parameters.  

Variable U′′
X  X  NSC RC (%) Γ ↓  U′′

Total  

Va 1% 1.358 0.1438 19.73 L1 2.94 
Vg 1% 3.494 0.0187 2.56 L3 

Ta,i 1% 473 0.0305 4.19 Va 

Tg,i 1% 1173 0.0085 1.17 Ta,i 

L1 1% 0.3 0.2663 36.55 Vg 

L2 1% 0.3 6.50×10− 35 8.93×10− 33 Tg,i 

L3 1% 1 0.2607 35.78 L2 

δ 1% 0.000102 0 0 Δ  

Table 7 
The sensitivity of the pressure drop of airside (ha) to different parameters.  

Variable U′′
X  X  NSC RC (%) Γ ↓  U′′

Total  

Va 1% 1.358  1.3470  29.23 L3 0.1791 
Vg 1% 3.494  0.0873  1.89 Va 

Ta,i 1% 473  0.4972  10.79 Ta,i 

Tg,i 1% 1173  0.3827  8.31 Tg,i 

L1 1% 0.3  0.2184  4.74 L1 

L2 1% 0.3  0.0005  0.010 Vg 

L3 1% 1  2.0747  45.02 L2 

δ 1% 0.000102  3.15×10− 9  6.80×10− 8 Δ  

Table 8 
The sensitivity of operational cost (Cop) to different parameters.  

Variable U′′
X  X  NSC RC (%) Γ ↓  U′′

Total  

Va 1% 1.358  0.2003  2.829 Vg 1.17×103 

Vg 1% 3.494  3.6157  51.08 L3 

Ta,i 1% 473  0.0477  0.674 L2 

Tg,i 1% 1173  0.0219  0.3098 L1 

L1 1% 0.3  0.3835  5.4186 Va 

L2 1% 0.3  0.9883  13.962 Ta,i 

L3 1% 1  1.8206  25.722 Tg,i 

δ 1% 0.000102  7.49×10− 7  1.05×10− 5 δ  

Table 9 
The sensitivity of outlet cost of airside (Ċa,o) to different parameters.  

Variable U′′
X  X  NSC RC (%) Γ ↓  U′′

Total  

Va 1% 1.358  0.4525  8.301 Vg 0.03066 
Vg 1% 3.494  2.3470  43.05 L3 

Ta,i 1% 473  0.0940  1.724 L2 

Tg,i 1% 1173  0.0411  0.754 Va 

L1 1% 0.3  0.3591  6.589 L1 

L2 1% 0.3  0.6687  12.28 Ta,i 

L3 1% 1  1.4887  27.31 Tg,i 

δ 1% 0.000102  2.471×10− 5  0.00045 δ  
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variation in plate spacing that significantly affected the ha and ΔP 
values. Since the performance parameter (ha/ΔP) is also influenced by 
plate spacing i.e.; it increased by increasing the plate spacing as indi-
cated in Fig. 7c. Moreover, plate spacing also affected the economic 
performance of the compact heat exchangers (refer to Fig. 8a and b). The 
operational cost was decreased with the increase in plate spacing 
because of its relation to the decreasing pressure drops. Less blowing 
power, due to decreased pressure drop, led to lowered operational cost. 
It was followed by the product cost, which decreased in a similar 
pattern. It was observed that the operational and product costs varied 

with the variation in fin surface geometry and follow the following order 
ζ = 1/8–19.86 > ζ = 1/9–22.68 > ζ = 1/8–15.61 

Effect of fiscal parameters 
The combined analysis of the process parameters and fiscal param-

eters has become quite significant in thermodynamic systems [35,47]. 
This is because the systems will have substantially different operational 
expenses than the conventionally designed heat exchanger [37,39]. In 
this regard, Fig. 9a demonstrates the effect of the cost index factor 
(Cindex) on the investment cost of the heat exchanger. A linear rise in 
investment cost for each fin surface geometry was observed with the 
increase of the cost index factor. The investment cost increased ~41.2% 
for the last 23 years when the cost index factor increased from 1 to 1.7 
(for ζ = 1/8–19.86). In Fig. 9b, a linear (though smaller) increase in the 
product cost of air was observed with an increase in the cost index 
factor. A similar product cost variation was observed with the interest 
rate and unit electricity cost, as shown in Fig. 9c and d. For instance, the 
product cost of cold-water outlet stream showed a significant increase 
(from 0.5911 to 0.6141 $/h ~ 4%) for a PFHE operating at interest rates 
of 1% and 10%, respectively (for ζ = 1/8–15.61). It highlights that fiscal 
parameters are pretty critical for the performance prediction of PFHE. 

Exergy-and-cost flow diagram 
The exergy-and-cost flow diagram for the heat exchanger configu-

ration considered in this study is presented in Fig. 10. It presents a 
graphic demonstration of the thermodynamic and monetary perfor-
mance of the system under consideration at all unique points. In this 

Fig. 5. Effect of airside flow rate on (a) heat transfer coefficient, (b) pressure 
drop, and (c) h/ΔP. 

Fig. 6. Effect of airside flow rate on (a) operational cost, and (b) air outlet 
stream cost. 
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diagram, the cost (exergy and economic) of all streams in the system at 
inlets and outlets of the components calculated using fixed and recurring 
expenses is illustrated. It is significant for the systems with many com-
ponents (e.g., air separation and liquefaction plants, etc.) and indicates 
exergy (in kW) and cost rates (in $/h). 

Optimization 

After a detailed sensitivity analysis using NSC and parametric anal-
ysis using OFAT, the CF-PFHX was optimized using the Genetic Algo-
rithm (GA). The details regarding the use of GA for heat exchanger 
optimization are summarized in a recent study on shell and tube heat 
exchanger optimization by Jamil et al. [19]. The minimum total cost 
(Ctotal) and stream cost of CF-PFHX were used as an objective function 

against seven input decision variables such as fin thickness (δ), fin length 
(ls), fin spacing (b), lance length (la), hot flow length (L1), Cold flow 
length (L2), non-flow length (L3). The functional flow diagram of the 
optimization process is presented in Fig. 11. The currently used opti-
mization technique i.e. Genetic Algorithm picks optimum value from the 
provided range. However, lower and upper bounds for the range were 
systematically selected considering different parameters like size, suit-
ability for construction, availability, material characteristics, etc. 
Despite the fact that some of the parameter values can be obvious to be 
at a minimum or maximum boundaries, the combinatory effect of their 
values with other design and process parameters is required to be 
analyzed for suitable selection. This is what comprehensive numerical 
study and optimization offer. Moreover, the lower and upper bounds in 
the current study are selected carefully from the literature [16,22] and 
summarized in Table 10 while keeping in view the actual available 
component. The values of algorithm-specific parameters such as gen-
erations = 100, population size = 150, and mutation probability =
0.035 are selected carefully from literature [16]. 

The optimization of CF-PFHX was performed for offset strips with fin 
frequency (ζ = 1/8–19.86). The standard and optimal values of CF-PFHX 
(ζ = 1/8–19.86) were summarized in Table 11. It was observed that the 
optimization significantly improved CF-PFHX performance. For 
instance, the air and gas side heat transfer coefficient decreased by 
~11% and ~69% respectively, while the corresponding pressure drops 
are also decreased by ~36.9% and ~93.5% respectively, which was 
favorable for lowering the operational cost. Consequently, the pumping 
power decreased by ~78.5% due to a reduction in pressure drop. 
However, the overall comprehensive performance parameter h/ΔP for 
the air and gas side increased ~40.9% and ~3.78 fold which is very 

Fig. 7. Effect of fin spacing on airside (a) heat transfer coefficient (b) pressure 
drop, and (c) h/ΔP. 

Fig. 8. Effect of fin spacing on (a) operational cost, and (b) airside outlet 
stream cost. 
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Fig. 9. Effect of fiscal parameters (a) investment cost versus cost index factor, (b) cold air outlet cost versus cost index factor, (c) cold air outlet cost versus interest 
rate, and (d) cold air outlet cost versus unit electricity cost. 

Fig. 10. Exergy-and-cost flow diagram of the heat exchanger.  
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significant as the overall CF-PFHX performance is improved. In addition, 
due to the modification, some decision parameters are increased, such as 
fin spacing, flow length, which increased the heat transfer area by ~ 3.1 
folds resulting in a higher heat transfer rate, lower pressure drop thus 
reducing the operational cost. Meanwhile, the dominance of the oper-
ational cost over the capital cost for long operational life resulted in a 

decrease in the total cost of the optimized heat exchanger. Similarly, the 
operational cost was reduced by ~78.5% due to a reduction in pumping 
power. Finally, the overall results were beneficial as the total annual and 
total costs for ten years were reduced by ~67.4% and ~76.8%, 
respectively, reducing the air production cost from 1.313 $/h to 0.4657 
$/h (~64.5%). 

Overall, the cost reduction achieved in the current study with opti-
mization through re-adjustment of design and process parameters is 
~67%. Compared with the other similar studies, the optimization 
significantly improved the economic performance of the compact heat 
exchangers. For instance, Jamil et al. [20] reduced the cost of plate and 
frame heat exchangers by ~53% using GA. Similarly, for plate-fin heat 
exchanger, Peng et al. [7] reduced cost by ~45% through ANN, Banooni 
et al. [22] used Bees Algorithm by 87%, and Yousefi et al. [26] reduced 
cost by 86% using GA. Finally, the effect of one of the most critical 
design parameters i.e., plate spacing/fin height (b) on the operational 
cost as compared with the literature [22]. It was observed (refer to 

Fig. 11. Flow chart of Genetic Algorithm [19].  

Table 10 
The lower, upper, and optimum value of the design variable for CF-PFHX (ζ = 1/ 
8–19.86) [22].  

Parameters Constraint bounds 

Lower Upper Optimum* 

Fin thickness (δ), mm 0.1 0.2 0.10001 
Fin length (ls), mm 2 3.5 2.151 
Fin spacing (b), mm 2 10 9.99 
Lance length (la), mm  1 10 9.998 

Hot flow length (L1), m 0.1 1 0.2267 
Cold flow length (L2), m 0.1 1 1 
Non flow length (L3), m 0.7 1.2 1.2  

* Calculated, note: Not all references provided all data ranges. 

Fig. 12. Comparison of operational cost against fin height with literature [22].  

Table 11 
Parameters of optimal CF-PFHX (ζ = 1/8–19.86) using a genetic algorithm.  

Parameter Standard 
[25] 

Optimal Deviation 
% 

Heat duty, kW 1074 1058 1.49 ↓ 
Airside heat transfer coefficient, W/ 

(m2K) 
344.1 306 11.07 ↓ 

Gas side heat transfer coefficient, W/ 
(m2K) 

350.6 108.4 69.08 ↓ 

Airside pressure drop, kPa 8.345 5.267 36.88 ↓ 
Gas side pressure drop, kPa 9.021 0.5834 93.53 ↓ 
Air side performance parameter, m/(s 

K) 
0.04123 0.05809 40.89 ↑ 

Gas side performance parameter, m/(s 
K) 

0.03886 0.1858 378.13 ↑ 

Blowing power, kW 71.42 15.32 78.55 ↓ 
Total exergy destruction, kW 148 96.15 35.03 ↓ 
Airside heat transfer area, m2 85.35 353 313.59 ↑ 
Investment cost of the heat exchanger, $ 2205 5168 134.38 ↑ 
Operating cost ($), $ 43,883 9413 78.55 ↓ 
Total cost per year, $/year 6851 2234 67.39 ↓ 
Total cost, $ 44,242 10,254 76.82 ↓ 
Air side product cost, $/h 1.313 0.4657 64.53 ↓ 

↓: Decrease, ↑: Increase. 
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Fig. 12) that both Bees Algorithm [22] and the current study (based on 
GA) achieved a reduction in operational cost (Cop) through an increase 
in the fin height. This is because higher fin height resulted in increased 
spacing between the plates which offered less resistance to the flowing 
stream; thus, decreasing the pressure drop and power input. The devi-
ation in the magnitude is mainly due to different techniques used with 
different convergence ratios and operational parameters. 

Concluding remarks 

A gas-phase (air-to-air) crossflow plate-fin heat exchanger was 
investigated from thermal, hydraulic, economic, and exergy point 
viewpoints. The numerical-based thermal-hydraulic model was devel-
oped for three different offset-strip fin surface geometries. It was fol-
lowed by cost-flow and exergy-based analysis for the calculation of fluid 
stream costs. Normalized sensitivity analysis identified the most influ-
ential parameters. In addition, the impact of input parameters was 
investigated with the help of a detailed parametric study using the one- 
factor-at-time approach. Finally, the Genetic Algorithm is employed to 
minimize the total cost of the heat exchanger system under consider-
ation. Some of the core findings of the present study are: 

Sensitivity analysis showed the most influential input parameters in 
terms of NSC for the overall heat transfer coefficient, local heat transfer 
coefficient, pressure drop, operational cost, and outlet stream cost. 
These are L3 (NSC = 0.197), L1 (NSC = 0.2663), L3 (NSC = 2.0747), Vg 
(NSC = 3.6157), and Vg (NSC = 2.3470), respectively. 

The parametric analysis showed that the increase of airside mass 
flow rate increased the heat transfer coefficient, pressure drop, oper-
ating and stream costs due to an increase in Reynolds number. Likewise, 
plate spacing increased heat transfer coefficients, pressure drops, using 
stream costs on the airside. 

Heat exchanger investment and stream cost were significant func-
tions of fiscal parameters like cost index factor, interest rate, and unit 
cost of electricity. 

The optimization of the heat exchanger was carried out by modifying 
the design parameters. It helped to reduce the operational cost by 
~78.5%, total annual cost, and total cost (10 years) by ~67.4% and 
~76.8%, respectively, reducing the air production cost from 1.313 $/h 
to 0.4657 $/h (~64.5%). 
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