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Abstract
An innovative modeling and optimizing of fire and water tube heat recovery steam generators (HRSG) for gas engine 
cogeneration plant are performed here. In modeling section, the equations of ɛ-NTU, LMTD and heat transfer coefficients 
for one-phase flow and two-phase flow are organized to form a nonlinear system of equations. Furthermore, in the next step, 
two pairs of objective functions (annual expenses—exergy destruction rate and annual expenses—thermal effectiveness) are 
selected for multi-objective optimization of HRSG by the use of genetic algorithm for one, two and three MW gas engine 
cogeneration plants. Results for a 2 MW gas engine (as an example) show that the fire tube HRSG total expenses are 50% 
lower than that for water tube HRSG. In this situation, for water and fire tube boilers, the effectiveness and cost are 0.9, 40,000 
($/year) and 0.9, 20,000 ($/year), respectively. Furthermore, the exergy destruction rates are close and equal to 1373.45 kW 
and 1366.2 kW for water tube and fire tube boilers, respectively. Moreover, for each gas engine, six equations with thirty 
constant coefficients are obtained to explain the behavior of HRSG outlet exhaust gas temperature, pinch temperature dif-
ference, steam generation mass flow rate, working pressure, thermal effectiveness and exergy destruction rate at partial load.

Keywords Heat recovery steam generator · Gas engine · Partial load · Evolutionary algorithm · Exergo-economic 
optimization

List of symbols
A  Heat transfer surface area  (m2)
CP  Specific heat capacity (kJ kg−1 K−1)
CI  Cost index
CRF  Capital recovery factor
CTotal  Total annual cost of HRSG ($year−1)
d  Diameter of the tubes (cm)
Ė  Exergy destruction/loss rate (kW)
F  Logarithmic mean temperature difference correc-

tion factor
fi(x)  Objective functions
fg  Friction coefficient
ffi  Internal fouling factor  (m2 K W−1)
ffo  External fouling factor  (m2 K W−1)
G  Mass velocity (kg m−2 s−1)
gj(x)  Equal constraints

H  Annual working hours of HRSG (h)
h  Specific enthalpy (kJ kg−1)
hfg  Latent heat of vaporization (kJ kg−1)
hi  Heat transfer coefficient inside tubes 

(W m−2 K−1)
hk(x)  Unequal constraints
ho  Heat transfer coefficient outside tubes 

(W m−2 K−1)
i  Interest rate
k  Thermal conductivity (W m−1 K−1)
KEco  Economizer unit price of surface area ($m−2)
KEva  Evaporator unit price of surface area ($m−2)
KSh  Superheater unit price of surface area ($m−2)
L  Length of the tubes (m)
ṁg  Gas mass flow rate (kg s−1)
ṁs  Steam flow rate (kg s−1)
Nobj(x)  Number of objectives
Npar  Number of design parameters
Nw  Number of tubes per width
NDOB  Non-dimensional objective function
NU  Nusselt number
n  Equipment lifetime (year)
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P  Pressure (Pa)
PL  Partial load (%)
Pr  Prandtl number
Q̇  Heat transfer rate (kW)
q  Thermal flux (W m−2)
Re  Reynolds number
ST  Transversal pitch (m)
SL  Longitudinal pitch (m)
s  Specific entropy (J K−1 kg−1)
T  Temperature (°C)
THP  Thermodynamic parameter
TR  Wall thermal resistance  (m2 K W−1)
U  Overall heat transfer coefficient (W m−2 K−1)
V  Velocity (m s−1)
W  Mass coefficient of water and steam
X  Design parameter vectors

Greek symbols
α  Cost factor used in cost objective function
Δpg  Gas side pressure drop (kPa)
ΔTm  Logarithmic mean temperature difference
ΔW   Power loss (W)
ρ  Density (kg m−3)
ε  Thermal effectiveness
η  Efficiency
μ  Dynamics viscosity (Pa s)

Subscripts
am  Ambient
atm  Atmosphere
b  Bulk
CC  Capital cost
CHP  Combined heat and power
d  Design mode
Eco  Economizer
Eva  Evaporator
GE  Gas engine
g1  Gas entering the superheater
g2  Gas entering the evaporator
g3  Gas entering the economizer
g4  Gas leaving the economizer
HRSG  Heat recovery steam generator
LMTD  Logarithmic mean temperature difference
Min  Minimum
Max  Maximum
NSGA  Non-dominated sorting genetic algorithm
NTU  Number of transfer unit
p  Partial mode
sat  Saturation state
Sh  Superheater
st  Steam
w  Wall

Introduction

Heat recovery from gas engine exhaust gases in CHP sys-
tems leads to 80% increase in system overall efficiency 
[1]. There are many available research studies in which 
heat recovery from reciprocating engine exhaust gases is 
investigated by the use of water or fire tube heat recovery 
boiler. These references are categorized in below.

Heat recovery by water tube boiler (WTB)

Capata and Toro [2] studied sensible exhaust gas heat 
recovery from a 1400 CC diesel engine and 30–50 kW 
micro gas turbine for power generation using steam Rank-
ine cycle. Optimization of water tube HRSG was done 
with design parameters including tube numbers, tube inter-
nal diameter, shell side internal diameter, baffle numbers 
and space between two baffles in order to reduce the size 
of heat exchanger. Nadir and Ghenaiet [3] performed opti-
mization of a water tube HRSG by utilizing particle swarm 
optimization algorithm. The results showed that adding the 
pressure levels leads to the increase of pressure of high-
pressure turbine, power generation and produced specific 
work and decrease of the exergy losses.

Thermo-economic optimization of a water tube HRSG 
is conducted by Franco and Russo [4]. Their results 
showed that the above approach in system analysis 
increased the system thermal efficiency for 60% due to 
the heat transfer surface increment and the pinch point 
decrement.

Rezaei et al. [5] optimized a water tube HRSG includ-
ing two superheaters, one evaporator and one economizer 
using single-objective (capital investment cost) genetic 
algorithm. The optimization variables include the fin tube 
arrangement, approach point, pinch point, water and steam 
velocity. Their results showed that the presented optimiza-
tion method leads to the decrement of the total heat trans-
fer surface area and consequently the capital cost by 22.3% 
and 24.3%, respectively.

Carapellucci and Giordano [6] optimized a water tube 
HRSG using two methods. First method minimizes the 
electricity generation unit cost and second method mini-
mizes an exergo-economic objective function (investment 
and operational, fuel consumption and exergy destruction 
costs). Design parameters were pinch point temperature, 
drum pressure, superheat degree, pressure level numbers 
and flow arrangement. The best configuration and arrange-
ment of HRSG’s heat exchangers are achieved. Nadir et al. 
[7] analyzed the effect of electricity selling tariff on opti-
mum design parameters of water tube HRSG and ideal 
configuration selection for different range of exhaust gas 
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temperatures. Optimization was done once with steam 
cycle specific work (which was maximized), once with net 
present value (which was maximized) and once with both 
functions using PSO algorithm. The best configuration of 
HRSG (one, two and three pressure levels) is obtained 
regarding the selling electricity tariff from thermodynamic 
and economic points of view. Kaviri et al. [8] optimized 
a dual pressure HRSG considering the exergy destruction 
per inlet gas as objective function and the drum pressure, 
pinch point temperature and steam mass flow rates as 
design parameters. The results showed that the increase 
of inlet gas temperature up to 650 °C leads to the cycle 
energy and exergy efficiency increment. Exergo-economic 
multi-objective optimization of a water tube HRSG is per-
formed by Nikbakht Naserabad et al. [9] using genetic 
algorithm method in order to repower the steam Rankine 
cycle. They showed that the exergy efficiency of the plant 
increased to more than 46% by the presented optimization 
method. Ahmed et al. [10] proposed a design methodology 
for a dual pressure HRSG used in a combined cycle power 
plant with a 60 MW gas turbine. The results showed that 
the maximum heat transfer occurs in the evaporator section 
for high-pressure levels, and in the economizer section for 
low-pressure levels.

Mokhtari et al. [11] carried out 4E analysis and genetic 
algorithm optimization of a water tube HRSG with two 
pressure levels. They showed that the optimized design of 
HRSG decreases the gas turbine power loss and increases 
the exergy and thermal efficiencies from 42% and 47.6% to 
47.28% and 48.94%, respectively.

Heat recovery by fire tube boiler (FTB)

Fire tube boilers are used broadly in CHP systems; how-
ever, there are a lower number of published research studies 
regarding this type of boilers in comparison with that for 
water tube boilers. Behbahani-nia and Bagheri [12] opti-
mized a fire tube HRSG in 600 kW micro-turbine cogen-
eration power generation plant considering exergy losses 
and annual costs of HRSG as objective functions utilizing 
genetic algorithm. Thermodynamic, thermo-economic and 
multi-objective optimization were performed for system 
analysis. The results showed that thermo-economic and 
multi-objective optimization provides the total cost decre-
ment due to decreasing in the cost of energy loss as well 
as decrease in the pinch point. Najafi [13] optimized a fire 
tube HRSG with considering tube numbers in a row, tube 
length, tube transverse pitch and pinch point temperature as 
design variables, while the second law efficiency and invest-
ment cost were as objective functions. They showed that 
the geometric configurations which give higher second law 
efficiency lead to more expensive design.

Cogeneration systems have been also studied by vari-
ous types of analyses such as energy and exergy [14–18], 
exergy-economic [4, 5, 12, 13, 19], energy-economic [20, 
21] and entropy-economic aspects [5, 15]. Prime movers 
in these systems were gas/micro gas turbines [2, 4, 8, 12, 
19, 22] as well as diesel engines [23–25]. Authors could 
not find in literature the subject of simultaneous 3E mod-
eling and optimizing of HRSG in a gas engine CHP system. 
Furthermore, to the best of our knowledge, no work could 
be found on simultaneous optimization and comparison of 
water tube and fire tube HRSGs in a gas engine cogenera-
tion plant. Moreover, the discussions of water tube HRSG in 
literature are mainly focused on its application in combined 
cycle power plants (with gas turbine having high exhaust 
gas temperature for producing steam with low-, interme-
diate- and high-pressure levels). This is while that the fire 
tube boilers may be more suitable for small CHP systems 
(range of 50 kW to 25 MW) in which the steam pressure and 
exhaust gas temperature of prime mover are lower than that 
for combined cycle power plants. The comparison of mod-
eling and optimizing results for two types of water tube and 
fire tube boilers with one similar approach and similar input 
values (the same inlet hot gas temperatures and mass flow 
rates) also cannot be found in literature. Finally, the above 
analysis is carried out for CHP systems with 1, 2 and 3 MW 
gas engines to illustrate its ability in designing a HRSG with 
higher energy and exergy efficiencies and lower total costs.

The main contributions of the present work are explained 
in the following:

(a) In energy modeling, a new algorithm (which is 
described in HRSG thermal modeling section) is pre-
sented for solving the conservation equations in energy 
or thermal modeling section. This algorithm combines 
ɛ-NTU (which helps to speed up reaching the conver-
gence in solving equations in superheater and econo-
mizer) and LMTD (which helps to speed up solving 
equations of evaporator without iteration) methods to 
form a nonlinear system of equations. The system of 
equations also uses the precise heat transfer coefficients 
for one-phase flow (economizer and superheater) and 
two-phase flow (evaporator) for both water tube and 
fire tube HRSGs. Thus with input parameters such as 
the inlet hot gas mass flow rate and temperature besides 
feed water temperature, the output parameters includ-
ing equipment outlet gas, water and steam tempera-
tures, produced steam mass flow rate, equipment heat 
transfer rate and heat transfer surface area are obtained. 
With the presented algorithm, the performance param-
eters as well as sizing and rating of water or fire tube 
HRSG are accomplished with satisfied speed and accu-
racy. Moreover, the exergy and economic modeling of 
HRSG system are also performed; thus, modeling of 
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both types of water tube and fire tube HRSGs for gas 
engine cogeneration plants is presented in three aspects 
of energy, exergy and economic.

(b) In the optimization process, two pairs of objective 
functions, thermal effectiveness—total annual cost and 
exergy destruction rate—total annual cost are applied, 
and a set of design variables for geometry and working 
conditions (including temperatures and pressures) are 
selected for both fire and water tube boilers. It is shown 
that using total annual cost as the first objective func-
tion and thermal effectiveness or exergy destruction 
rate as the second objective function result in relatively 
close values for optimum design variables and objec-
tive functions. Reaching similar optimum solution by 
choosing two pairs of objective functions in this paper 
revealed that design variables, constraints and genetic 
algorithm tuning parameters, are selected appropriately 
for the integrated system. This result verifies the opti-
mization procedure.

(c) One important application of the presented modeling 
and optimizing process is that the HRSG can be opti-
mally designed for specific customer demands. In this 
regard, in addition to the optimization of HRSG for 
heat recovery from a specific gas engine (consider as 
scenario A), system optimization with a specified out-
let steam pressure (scenario B) and optimization with 
specified steam mass flow rate (scenario C) for 2 MW 
gas engine are performed and the results are compared. 
It will be shown that the in scenario A, the thermal 
effectiveness is higher and total annual cost as well as 
exergy destruction rate are lower than that for two other 
case studies.

(d) The performance of the optimized fire tube HRSG in 
four partial loads (90%, 80%, 70% and 60%) is also 
evaluated. Six relations are proposed for six perfor-

mance parameters in the form of fourth-degree poly-
nomials. These parameters are HRSG outlet exhaust 
gas temperature, pinch temperature difference, steam 
generation mass flow rate, working pressure, thermal 
effectiveness and exergy destruction rate versus the 
engine load variations. The constant coefficients for 
estimation of the above performance parameters are 
reported and can be used for specifying the operating 
conditions of HRSG in gas engine cogeneration plants.

All above points are innovative concepts which were not 
observed in open literature. Furthermore, it should be noted 
that there is no professional software for optimization of gas 
engine heat recovery system.

System modeling and analysis

Figures 1 and 2 show water tube and fire tube HRSG with 
economizer, evaporator and superheater sections for heat 
recovery application, respectively. The evaporator section 
has different structure in these two types of HRSG. In HRSG 
with fire tube type, engine exhaust gasses pass through 
inside tube of evaporator, while in HRSG with water tube 
type, exhaust gasses pass over evaporator tube bank.

Energy modeling and analysis

HRSG thermal modeling

In HRSG thermal modeling, parameters such as the exit gas 
temperature from economizer, evaporator and superheater as 
well as the superheat steam temperature, steam mass flow 
rate and heat transfer surface area should be estimated.

Fig. 1  The schematic diagram 
for a water tube heat recovery 
steam generator

g1

g3

g4

g2

Super heater Evaporator Economizer

Superheat steam

Saturated steam

Water

Drum

Gas
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Considering the steady state analysis, ignoring heat losses 
from tube walls and boundaries, neglecting the radiation 
heat transfer rate due to the limited exhaust gas temperatures 
of lower than 1000 °F (538 °C) [26], and finless tubes, the 
thermal modeling equations for superheater, evaporator and 
economizer are presented in Table 1.

In this paper, a new algorithm with input parameters 
including the inlet hot gas mass flow rate and temperature as 
well as feed water temperature is presented for modeling the 

HRSG. The flowchart for computation procedure is shown 
in Fig. 3 and is explained in the following:

The superheater Eqs. (1 to 5 in Table 1 and 1–3 in main 
text) are solved assuming an initial value for the steam mass 
flow rate and determining the saturation temperature in drum 
pressure. The output parameters including the outlet gas and 
steam temperatures 

(
Tg2, Tst

)
 are obtained using Eqs. (2) and 

(3). Then, the outlet gas temperature of evaporator (Tg3) is esti-
mated using Eq. (4). Afterward, the economizer Eqs. (12 to 14 

Fig. 2  The schematic diagram 
for a fire tube heat recovery 
steam generator

g1

g2 g3

g4
Water

Saturated steamSuperheat steam

EconomizerEvaporatorSuper heater

Gas

Table 1  Relations for thermal modeling of HRSG

Equipment type Energy balance Description

Superheater ṁgCpg

(
Tg1 − Tg2

)
= ṁst

(
hst − hsat

)
= 𝜀CMin

(
Tg1 − Tsat

)
(1) First law of thermodynamics

� = 1 − exp
[
1−exp (−C∗NTU)

−C∗

]
(2) For crossflow arrangement

NTU =
A×U

CMin

(3) Non-dimensional heat transfer

CMin =

{
C1 = ṁgCpg

(
if C1 < C2

)

C2 = ṁstCpst

(
if C2 ≤ C1

)
(4) Minimum heat capacity

1

U
=

d

hidi
+

1

ho
+

d

2km
× ln

d

di
+ ffi ×

d

di
+ ffo

(5) Total heat transfer coefficient

� =
(

Tst−Tsat

Tg1−Tsat

)
×
(

C2

CMin

)
(6) This form of equations were used in optimization Part

NTU =
−1

C∗
ln (1 + C∗ ln (1 − �)) (7)

A =
NTU×CMin

U
(8)

Evaporator ṁgCpg

(
Tg2 − Tg3

)
= FAUΔTlm (9) Using LMTD method

ΔTlm =
(Tg2−Tg3)

ln

([
Tg2−Tsat

Tg3−Tsat

]) (10) Logarithmic mean temperature difference with respect 
to the steam constant temperature during boiling 
process

Tg3 = Tsat +

[(
Tg2 − Tsat

)
× exp

(
−U×A

ṁgCpg

)]
(11) Inserting Eq. 10 in 9 leads to Eq. 11

Economizer ṁgCpg

(
Tg3 − Tg4

)
= ṁst

(
hwa2 − hwa1

)
= 𝜀CMin

(
Tg3 − Twa1

)
(12)

CMin =

{
C1 = ṁgCpg

(
if C1 < C2

)

C2 = ṁstCpwa

(
if C2 ≤ C1

)
(13) Heat transfer in economizer using ɛ-NTU method

� =
(

Twa2−Twa1

Tg3−Twa1

)
×
(

C2

CMin

)
(14)
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in Table 1, 6–8 in main text) are solved (with the known values 
of Tg3 and steam mass flow rate) and the outlet gas and outlet 
water temperatures from economizer 

(
Tg4, Twa2

)
 are achieved 

using Eqs. (7) and (8). Therefore, the total heat transfer rate 
is obtained with having all gas and water temperatures and 
by the use of Eq. (9). Finally, the produced steam mass flow 
rate is obtained having the total heat transfer rate and enthalpy 
rise and using Eq. (10). The produced steam mass flow rate is 
compared with the initial assumed steam mass flow rate and 
the final solution is obtained by a try and error method until 
the convergence condition (difference value of 0.01) (Eq. 11) 
is reached. Ɛ-NTU method is used for superheater and econo-
mizer computations due to high convergence speed and LMTD 

method is also used for evaporator since there is no need for 
iteration.

For superheater:

For evaporator:

(1)QSh = �Cmin
(
Tg1 − Tsat

)

(2)Tg2 = Tg1 −
(
QSh

/
ṁgCpg

)

(3)Tst2 = Tsat +
(
QSh

/
ṁstCpst

)

Fig. 3  The flowchart for 
estimating the heat transfer 
surface area of HRSG sections 
(superheater, evaporator and 
economizer), steam generated 
mass flow rate and the steam 
outlet temperature in modeling 
part

Guessing a value for steam mass flow rate ( )st
m

Using ɛ-NTU method to model the superheater and obtain the outlet gas 
temperature (Tg2), the outlet steam temperature (Tst2), the heat transfer 
rate (QSh) and heat transfer surface area (ASh) based on equa�ons (1-3) in 
text, Eq. (1-5) in table 1 and table 2

Using LMTD method to model the evaporator and obtain the outlet gas 
temperature (Tg3), the heat transfer rate (QEva) and heat transfer surface 
area (AEva) based on Eq. (4-5) in text, Eq. (9-10) in table 1 and table 3

Using ɛ-NTU method to model the economizer and obtain the outlet gas 
temperature (Tg4), the outlet water temperature (Twa2), the heat transfer 
rate (QEco) and heat transfer surface area (AEco) based on Eq. (6-8) in text, 
Eq. (10-12) in table 1 and table 4

Compu�ng the steam mass flow rate by the following Eq.:

2

new

Total

st
sat wa

Total Sh Eva Eco

Q
h h

Q Q Q Q

=
−

= + +

0.01
new

new

st st

st
m

≤

Presen�ng the results

( ) ( )1
new

st st
m k m k+ =

No

Ye
s
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For economizer:

Finally:

Termination condition:

Input parameters for solving the system of Eqs. (1–8) are: 
the gas engine exhaust mass flow rate and temperature as 
well as economizer inlet water temperature. The output 
parameters are: inlet and outlet hot and cold fluid tempera-
ture in different HRSG sections, the produced steam mass 
flow rate, the total heat transfer rate and the heat transfer sur-
face areas. With the presented algorithm, one may guess the 
performance parameters of water or fire tube HRSG with the 
least input parameters as mentioned above (without knowing 
pinch temperature difference, steam pressure, heat transfer 
surface area, etc.).

The heat transfer coefficients in superheater, evaporator and 
economizer are presented in Tables 2, 3 and 4, respectively.

Exergy modeling and analysis

Exergy is the most obtainable work of a system when it reaches 
to the ambient condition  (PO,  TO) from the defined state (P, T). 
Irreversibility of system equipment is evaluated using exergy 
analysis. The equations of exergy rate and exergy destruction 
rate of HRSG equipment are presented in Table 5.

Economic modeling and analysis

Total cost of HRSG is considered as investment cost due to 
the heat transfer surface areas.

(4)Tg3 = Tsat +
(
Tg2 − Tsat

)
exp

(
−UEvaAEva

/
ṁgCpg

)

(5)QEva = ṁgCpg

(
Tg3 − Tg2

)

(6)QEco = �Cmin
(
Tg3 − Twa1

)

(7)Tg4 = Tg3 −
(
QEco

/
ṁgCpg

)

(8)Twa2 = Twa1 +
(
QEco

/
ṁstCpwa

)

(9)QTotal = QSh + QEva + QEco

(10)ṁstnew
= QTotal

/(
hsat − hwa2

)

(11)
ṁst − ṁstnew

ṁstnew

≤ 0.01 Annual investment cost of HRSG directly depends on the 
heat transfer surface area which is computed through the 
following equation [34]:

where CRF is capital recovery factor and is expressed by 
Eq. (14) and � is also sum of other costs per unit of heat 
transfer surface area and is listed in Table 6.

where the parameters, i and n, are the interest rate and the 
equipment life time, respectively.

K in Eq. (13) is the unit cost of heat transfer surface area 
and is available in Ref. [19].

The total investment cost Is updated for year 2018 by the 
CostIndex (CI) method [34]:

(12)CTotal = CCC

(13)CCC = � × CRF ×
(
KShASh + KEvaAEva + KEcoAEco

)

(14)CRF =

(
i(1 + i)n

(1 + i)n − 1

)

(15)

KSh = 96.2 $∕m2

KEva = 45.67 $∕m2

KEco = 34.8 $∕E2

(16)C2018 = Cold

CI2018

CIold

Table 2  The heat transfer coefficients for superheater section [26–31]

List of components HT coefficient

Superheater (stream side) NU = 0.023Re0.8 Pr0.4

NU =
hidi

k

Re =
(
4

𝜋

)( ṁst

𝜇di

)

Pr =
�Cp

k

hi = 0.0279 ×
ṁ0.8

st
Y

d1.8
i

Y =
k0.6C0.4

p

�0.4

Superheater (gas side) NU = 0.33Re0.6 Pr0.33

Re =
Gd

�

ho = 0.33G0.6 Z

d0.4

Z = k0.67
C0.33
p

�0.27

G =
ṁg

NwL(ST−d)
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Optimization

Although different methods are used for optimization of 
energy systems such as response surface method (RSM) 
for optimization of pulsating heat pipe [35], fractional fac-
torial method along with the Taguchi algorithm for opti-
mization of a polymer exchange membrane electrolyzing 

system [36], improved harmony search method (IHS) for 
optimization of a PV/battery hybrid unit [37], improved 
heuristic approach based on improved harmony search and 
geographic information system methods for grid-independ-
ent solar/hydrogen system optimization [38] and a hybrid 
heuristic technique based on simulated annealing as well 
as harmony search methods for optimization of solar–die-
sel systems [39], single-objective and multi-objective 

Table 3  The heat transfer coefficients for evaporator section (water tube and fire tube) [26–30]

List of components HT coefficient

Fire tube evaporator (steam side) ho = 3.489q0.7(0.98692P)0.15

The pressure range for using the above equation is 
between 0 and 100 bar

Fire tube evaporator (gas side) NU = 0.023Re0.8 Pr0.4

NU =
hidi

k

Re =
(
4

𝜋

)( ṁg

𝜇di

)

Pr =
�CP

k

hi = 0.0279 ×
ṁ0.8

g
Y

d1.8
i

G =
ṁg

NwL(ST−d)

Thermo physical properties of gas must be used in 
the above equation

Water tube evaporator (steam side)
hl = 0.023

(
k∕di

)
Re0.8 Pr0.33

(
�b

�w

)0.14 For water and Re > 10,000

hv = 0.021
(
k∕di

)
Re0.8 Pr0.4

(
Tb

Tw

)0.5 For steam and Re > 15,000

htp = wlhl + wvhv Two phase HTC
ΔTwall = q × TR Wall temperature difference
Tw = Tg − ΔTWall Mean wall temperature
x = 1 −

q

0.00633×106×hfg×d
−0.1
i

×

(
Gi∕106

)0.51
Steam quality

{
wv = x

wl = 1 − x

Mass coefficient of water and steam

Table 4  The heat transfer 
coefficients for economizer 
[26–30, 32, 33]

List of components HT coefficient

Economizer (water side) hi = (164.86 + 2.24 Twa)
V0.8
wa

d0.2
i

Twa is the water temperature in  °C, di is the inter-
nal diameter in m and Vwa is the water velocity 
in m/s

Economizer (gas side) NU = 0.33Re0.6 Pr0.33

Re =
Gd

�

ho = 0.33G0.6 TF

d0.4

TF = k0.67
C0.33
p

�0.27

G =
ṁg

NwL(ST−d)
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genetic algorithm optimization methods [2–13, 15–17, 
40–42] provide appropriate results for energy system opti-
mization. In addition, based on research finding of [43], 
multi-objective optimization is recommended for exergo-
economic optimization of energy systems as it leads to 
exergy efficiency improvement and economic considera-
tions in comparison with single-objective optimization. 

Thus, in this paper, two groups of double-objective func-
tions including total annual cost of HRSG-thermal effec-
tiveness, and total annual cost of HRSG-exergy destruction 
rate are considered and used for multi-objective optimiza-
tion of HRSG by the use of genetic algorithm.

Objective functions, decision variables 
and constraints

Objective functions

Objective functions are annual cost of HRSG (Eq. 13), 
exergy destruction rate of HRSG (Eq. 17):

And thermal effectiveness of HRSG (Eq. 18):

(17)ĖD =
(
ĖDes,Sh + ĖDes,Eva + ĖDes,Eco

)

(18)� =
Q

QMax

(19)Q = ṁgCpg

(
Tg1 − Tg4

)

(20)QMax = CMin

(
Tg1 − Twa1

)

Table 5  Exergy relations for exergy analysis of HRSG

Equipment type Exergy balance Description

Superheater ĖXin,sh
= ṁg

[(
hg1 − hg2

)
− Tam

(
sg1 − sg2

)]
(1) Ėin and Ėout are inlet and outlet exergy rate, 

respectively

ĖXin,sh
= ṁg

[
Cpg

(
Tg1 − Tg2

)
− Tam

(
Cpg

ln
(

Tg1

Tg2

)
− R ln

(
Pg1

Pg1−ΔPg1

))]
(2) With considering the combustion products as 

ideal gas
ĖXout,sh

= ṁst

[(
hst − hsat

)
− Tam

(
sst − ssat

)]
(3) Superheater outlet exergy rate

ĖDes,Sh = ĖXin,Sh
− ĖXout,Sh

(4) Superheater exergy destruction rate
Evaporator ĖXin,Eva

= ṁg

[(
hg2 − hg3

)
− Tam

(
sg2 − sg3

)]
(5)

ĖXin,Eva
= ṁg

[
Cpg

(
Tg2 − Tg3

)
− Tam

(
Cpg

ln
(

Tg2

Tg3

)
− R ln

(
Pg2

Pg2−ΔPg2

))]
(6)

ĖXout,Eva
= ṁst

[(
hsat − hwa2

)
− Tam

(
ssat − swa2

)]
(7)

ĖDes,Eva = ĖXin,Eva
− ĖXout,Eva

(8)
Economizer ĖXin,Eco

= ṁg

[(
hg3 − hg4

)
− Tam

(
sg3 − sg4

)]
(9)

ĖXin,Eco
= ṁg

[
Cpg

(
Tg3 − Tg4

)
− Tam

(
Cpg

ln
(

Tg3

Tg4

)
− R ln

(
Pg3

Pg3−ΔPg3

))]
(10)

ĖXout,Eco
= ṁwa

[(
hwa2 − hwa1

)
− Tam

(
swa2 − swa1

)]
(11)

ĖDes,Eva = ĖXin,Eva
− ĖXout,Eva

(12)
Gas side pres-

sure drop
ΔPg =

(
fg
)G2Nd

500�

(13) Gas side pressure drop

� =
12.2M

Tg

(14) Gas density

fg = Re−0.15

⎡⎢⎢⎢⎢⎣
0.044 +

0.08

�
ST∕do

�

�
SL∕do

−1

�⎛⎜⎜⎝
0.43+1.13

d0∕SL

⎞⎟⎟⎠

⎤⎥⎥⎥⎥⎦

(15) Friction coefficient for inline arrangement and 
Reynolds between 2000 and 40,000

Table 6  � values for various costs of HRSG [12]

Items α value

Heat transfer surface 1
Casing and structure 0.205
Process equipment 0.216
Piping and insulation 0.078
Control and instrumentation 0.098
Electrical panels and wiring 0.093
Engineering and inspection 0.031
Tax 0.075
Insurance 0.115
Project benefit 0.095
Other costs 0.125
Total 2.31
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Thermal effectiveness is the ratio of total heat transfer rate to 
the maximum heat transfer rate. CMin is the minimum value 
between C1 and C2.

Decision variables

Design parameters (decision variables) are pinch point tem-
perature (ΔTPinch) , drum pressure (for water tube boiler)/
working pressure (for fire tube boiler), produced steam mass 
flow rate (ṁst) , tube length, tube diameter (d), transverse 
pitch (ST) and longitudinal pitch (SL).

Output dependent parameters such as saturation steam 
temperature (Tsat) , evaporator, economizer and superheater 
outlet temperatures are computed with the above optimum 
values of design parameters. List of design parameters and 
their range of variation are presented in Table 7.

Constraints

The system constrains with respect to the operational limita-
tions are:

1. The outlet exhaust gasses temperature must be higher 
than the gas dew point temperature (to prevent its water 
vapor condensation).

2. The gas engine power loss due to the heat recovery 
boiler gas side pressure drop should be lower than a 
determined value to prevent increase in back pressure. 
The power loss due to increasing the back pressure is 
estimated from the following relation [44]:

(21)

C1 = ṁgCpg

C2 = ṁstCpwa

CMin =

{
C1

(
if C1 < C2

)
C2

(
if C2 ≤ C1

)

(22)

ΔW = ṁgCp,g𝜂GET3

⎛⎜⎜⎝

�
Patm

P3

�k − 1∕k
−

�
Patm + ΔP

P3

�k − 1∕k⎞⎟⎟⎠

where  P3 and  T3 are pressure and temperature of the 
engine combustion chamber outlet gasses.

System constraints are listed in Table 8.
The procedure of optimizing fire or water tube HRSG in a 

gas engine cogeneration plant using two objective functions 
and genetic algorithm is shown in Fig. 4. It should be noted 
that the presented multi-objective optimization algorithm 
can also be utilized for HRSG in large scale combined cycle 
power plants by substituting a gas turbine, change of exhaust 
gas and mass flow rate, as well as change in the range of 
variation of design variables.

Multi‑objective optimization method and optimum 
point selection from Pareto front

In multi-objective optimization problem, the optimum solu-
tion of one objective function differs from the optimum solu-
tion of other objective function (for example, maximizing 
thermal effectiveness and minimizing total annual cost in 
this study). Thus, the optimum answer in multi-objective 
method is a set of points which make a curve named Pareto 
front and each point on Pareto front can be final solution 
without dominating by other points.

Mathematical expression of multi-objective optimization 
problem is presented in the following:

In our case study here, the objective functions mentioned in 
Eqs. (13), (17) and (18) are optimized using non-dominated 
sorting genetic algorithm method [45]. Thus, based on solu-
tion points on Pareto front, the designer should select the 
best optimum point based on the significance of each objec-
tive function using decision-making procedure. The first step 
in decision-making process is converting the objective func-
tions to a non-dimensional form. Due to different dimensions 

(23)Find X = X(i) ∀ i = 1, 2,… ,NPar

(24)
Minimize Or Maximize fi(X) ∀ i = 1, 2,… ,NObj

(25)gj(X) = 0 ∀ j = 1, 2,… ,m

(26)hk(X) ≤ 0 ∀ k = 1, 2,… , n

Table 7  Design parameters and their range of variations [1, 12, 26]

Variable Range of variation

ΔTPinch 5–30 °C
Pdrum (water tube) 5–25 bar
Working pressure (fire tube) 5–25 bar
ṁst 1–4 kg s−1

L 0.5–2 m
ST 63.5–152.4 mm
SL 63.5–152.4 mm
d 38.1–76.2 mm

Table 8  System constraints

Constrain Reason

Tg4 > Tdew point Preventing condensation of water vapor in exhaust 
gas

ΔW > 0.03 Preventing gas engine power loss due to increasing 
the back pressure [44]
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Input Parameters to GA

Design parameters and their range 
of varia�on, input parameters of gas 

engine exhaust gas, GA tuning 
parameters: muta�on, crossover, 

reproduc�on

Mul�-Objec�ve GA opera�on

Coding

Ini�al popula�on

Compu�ng 
objec�ve func�ons

Sa�sfy cycle 
constrains

Sa�sfy 
objec�ves

Popula�on N+1

Decoding

End

Energy analysis

Thermodynamic proper�es of 
water/steam in HRSG (Xsteam 

func�on), steam mass flow rate,  
exhaust gas and water/steam 
temperatures in economizer, 

evaporator and superheater, heat 
transfer surface and heat transfer 

rate in economizer, evaporator and 
superheater, heat transfer 

coefficient in heat exchangers and 
thermal effec�veness based on 

equa�ons in table 1-4 and Eq. (21-
24) in text

Exergy analysis

Inlet and outlet exergy flow in HRSG 
equipment, exergy destruc�on rate 

in economizer, evaporator and 
superheater and total exergy 

destruc�on rate in HRSG based on 
equa�ons in table 5 and Eq. (20)

Economic analysis

Total annual investment cost of 
HRSG, annual maintenance cost of 

HRSG, cost index for considering the 
capital cost increment through the 

�me based on equa�ons (15) to (19) 
and table 6

N

Yes

Yes

No

No

N+1

Fig. 4  The flowchart of optimizing fire/water tube HRSG in a gas engine cogeneration plant using genetic algorithm



1850 S. Sanaye, A. Ghaffari 

1 3

of objective functions (total annual cost in $/year, exergy 
destruction rate in kW and thermal effectiveness in  %), the 
following equation is utilized for making objective functions 
non-dimensional:

where ai refer to the values of objective functions at each 
point of Pareto front.

In the second step, TOPSIS method is used for choos-
ing the best optimum answer from Pareto front based on 
the closest distance from the ideal solution (in which each 
objective function has its best value) [46] and the farthest 
distance from the non-ideal solution (in which each objec-
tive function has its worst value) [47].

Case study

1, 2 and 3 MW gas engines (with technical specification 
in Table 9) are used as the prime movers in gas engine 
cogeneration system. Advantages of applying a gas engine 
in CHP systems are high efficiency, relatively low invest-
ment cost, operation in partial load, fast start up, overhaul 
in site with ordinary operators and operation with low fuel 
pressure [1]. Optimum values of design variables which are 
mentioned in Sect. 3.1. Constant input values of parameters 
which are HRSG inlet gas temperature (Tg1), economizer 
inlet water temperature (Twa1), exhaust gas dew point tem-
perature (Tdew point) and gas mass flow rate 

(
ṁg

)
 are also pre-

sented in Table 9. Gas engine exhaust gas temperature and 
mass flow rate at partial loads are presented in Figs. 5 and 
6, respectively.

Discussion and results

Model verification

For HRSG modeling, different section gas tempera-
tures (Tgi) , economizer outlet water temperature (Twa2) , 

(27)
NDOB =

ai�
n∑
i=1

a2
i

2

superheater outlet steam temperature (Tst) , produced steam 
mass flow rate (ṁst) , heat transfer surface area (A) and heat 
transfer rate (Q) are obtained and compared with results 
generated by FireCAD™ [52]. This software can estimate 
economizer, evaporator and superheater thermal parameters, 
and thus, its results for each HRSG section are generated 
for verification of our modeling results. Input parameters 
for each section of HRSG are also presented in Table 10. 
The results of the present modeling and FireCAD™ are 
also listed in Tables 11–14. The relative error for estimat-
ing economizer and superheater parameters of fire tube 
and water tube evaporators are also listed in the mentioned 
tables. Results show that the modeling results have the maxi-
mum difference value lower than 3%, and thus, the modeling 
results have the accepted accuracy.

Table 9  Constant parameters for optimization [48–50]

Parameters 1 MW 2 MW 3 MW

Tg1∕
◦C 462 472 540

Twa1∕
◦C 64 64 64

Tdew point∕
◦C 105 105 105

ṁg∕kg h
−1 5626 10,000 15,660
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Fig. 5  Exhaust temperature for 1, 2 and 3 MW gas engines at 60%, 
70%, 80%, 90% partial and nominal (100%) loads [48–51]
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70%, 80%, 90% partial and nominal (100%) loads [48–51]
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For verification of HRSG exergo-economic optimiza-
tion, the results of our code for a fire tube HRSG integrated 
with a 600 kW micro gas turbine are obtained and compared 
with those reported in Ref. [12]. For this purpose, pinch 
temperature difference (ΔTPinch) , length of superheater tube 
(LSh), diameter of evaporator tube (dEva), annual capital cost 
(CTotal) and exergy destruction rate (ĖDestruction) are checked 
for irreversibility-total annual cost objective functions with 
input parameters reported in Ref. [12]. The comparison of 
our optimization results and those reported in Ref. [12] are 
presented in Table 15. As the maximum difference value 
is about 3%, the present optimization has an acceptable 
accuracy.

Optimization results

Pareto curves for water/fire tube HRSG

Two pairs of double-objective functions (annual cost-ther-
mal effectiveness and annual cost-exergy destruction rate) 
for water tube and fire tube boilers are selected and com-
pared. Annual cost and exergy destruction rate are mini-
mized, and thermal effectiveness is maximized. NSGA II 
optimization technique is applied by the primary genera-
tion population of 70, crossover probability of 0.7, mutation 

probability of 0.4 and mutation rate of 0.02 for the solution 
convergence and appropriate number of iterations.

Selection of optimum point on Pareto curves

The Pareto curve with non-dimensional axes for two groups 
of objective functions for water tube and fire tube boilers are 
demonstrated in Figs. 7–10. The final optimum answer on 
Pareto front is chosen using TOPSIS method. As is shown 
in Fig. 7 (Pareto curve of annual cost-thermal effectiveness 
optimization for water tube boiler), the points with coor-
dinates (38,216, 0.44) and (58,752, 0.95) have the lowest 
and the highest cost and thermal effectiveness, respectively. 
Choosing the final optimum answer from Pareto front is in 
relation with the significance of objective functions for the 
designer. For example, if designer only considers the thermal 
effectiveness, the best answer is (58,752, 0.95) and if he just 

Table 10  Input parameters for model verification

Inputs Tg1/°C ṁg/kg h−1 Twa1/°C PDrum/bar Gas type

Economizer 471.66 36,287.39 20 5 Nat. gas
Superheater 471.66 36,287.39 – 5 Nat. gas
Fire tube evapo-

rator
471.66 80,000 30 5 Nat. gas

Water tube 
evaporator

1038.26 35,978.41 30 5 Nat. gas

Table 11  Verification of economizer modeling

Parameters Tg4/°C Twa2/°C ṁwa/kg h−1 Qtotal/
kJ h−1 * 106

A/m2

FireCad 320.71 32.00 130,926.4 6.56 98.26
Modeling 330.34 32.22 134,235.4 6.66 99.12
Relative error % 2.84 0.4 2.52 1.5 0.87

Table 12  Verification of 
superheater modeling

Parameters Tg2/°C Tst2/°C ṁst st/kg h−1 Qtotal/kJ h−1 * 106 A/m2

FireCad 182.72 354.66 29,483.5 12.39 1989.08
Modeling 180.23 357.40 29,588.8 12.20 1966.42
Relative error % 1.24 0.73 0.25 4 3

Table 13  Verification of fire tube evaporator modeling

Parameters Tg3/°C ṁst/kg h−1 Qtotal/kJ h−1 * 106 A/m2

FireCad 232.28 8518.51 22.53 869.35
Modeling 239.14 8473.31 22.20 845.98
Relative Error % 2.95 0.53 1.48 2.68

Table 14  Verification of water tube evaporator modeling

Parameters Tg3/°C ṁst/kg h−1 Qtotal/kJ h−1 * 106 A/m2

FireCad 207.09 30,000 79.63 467.97
Modeling 211.33 29,918.01 77.97 458.60
Relative error % 2.04 0.27 2.08 2.01

Table 15  Comparison of results obtained from the present optimiza-
tion and those reported in Ref. [12]

Parameter Reported [12] Present Difference/%

ΔTPinch∕
◦C 6.59 6.78 2.88

LSh/m 2.37 2.42 2.1
dEva/m 0.022 0.022 0
CTotal∕$year

−1 20.51 21.01 2.4
ĖDes,Total∕kW 635.69 641.02 0.08
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considers the annual cost, the best answer is (38,216, 0.44). 
The Pareto curve of annual cost-exergy destruction rate for 
water tube boiler is shown in Fig. 8. The points with coordi-
nates (38,200, 1795) and (58,750, 1300) have the lowest and 
the highest cost and exergy destruction rate, respectively.

Similar expressions are true for fire tube HRSG, the only 
difference refers to the lower values of objective functions 
for fire tube boiler (Figs. 9, 10) rather than water tube boiler.

Optimum values of decision variables, dependent 
parameters and objective functions

Optimum values of design (and dependent) parameters and 
objective functions for two groups of objective functions 
(total annual cost-thermal effectiveness and total annual 
cost-exergy destruction rate) for 1, 2 and 3 MW gas engine 

cogeneration plants at nominal (100%) load are presented in 
Tables 16–18. Results for 2 MW gas engine as an example 
are discussed and compared and similar trend occurs for 1 
and 3 MW gas engines.

Comparison of results for fire and water tube boilers

In the following sections, the optimum values of design 
(independent) parameters as well as dependent parameters 
are explained for 2 MW gas engine. The optimum values 
of independent and dependent parameters for one and three 
MW also show the same trend.

Steam mass flow rate As is shown in Table 16, the optimum 
value of the produced steam mass flow rate for water and 
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fire tube boilers are close (6264 kg h−1) for both groups of 
objective functions with the difference value less than 1%.

Drum/working pressure The optimum steam pressure and 
saturation temperature are close (10  bar and 180  °C) in 
water and fire tube boilers for both groups of objective func-
tions with the difference value less than 0.5%.

Pinch temperature The optimum pinch temperature differ-
ence is close (12 °C) in water and fire tube boilers for both 
pairs of objective functions with the difference value less 
than 1%.

Tube length, diameter and pitch Tube length, diameter and 
transversal pitch are exactly equal in water and fire tube 
boilers for both pairs of objective functions (1 m length, 2.5 
inch diameter and 88.9 mm transverse pitch). The optimum 
longitudinal pitch is close in above condition with the differ-
ence value less than 3%. So it is observed that the optimum 
values of design parameters for both objective function pairs 
are close with difference value less than 3%.

Heat transfer surface area The values of inlet and outlet 
gas and steam temperatures and heat transfer surface areas 
for economizer, evaporator and superheater are reported in 

Table 17 as independent parameters for both studied boilers. 
Economizer and superheater heat transfer surface areas are 
close for both pairs of objective functions (14 m2 and 30 m2 
for economizer and superheater, respectively, in water tube 
and fire tube boilers) with the difference value less than 1%. 
Results in Table 17 also show that the evaporator heat trans-
fer surface area is equal for both pairs of objective functions; 
however, this parameter differs significantly in water tube 
(210 m2) and fire tube (62 m2) boilers. The larger heat trans-
fer surface area in evaporator of water tube boiler causes to 
increase the steam production mass flow rate in this equip-
ment.

Gas and steam temperatures The optimum values of inlet 
and outlet gas and steam temperatures for economizer, evap-
orator and superheater are close in water and fire tube boil-
ers for both pairs of objective functions with the difference 
value less than 2%.

The total cost HRSG optimization considering total annual 
cost as the first objective function and exergy destruction 
rate or thermal effectiveness as the second objective function 
leads to the almost similar results. As is shown in Table 17, 
the optimum values of design and dependent parameters and 

Table 16  Optimum values of 
design variables (independent 
parameters) for water tube and 
fire tube HRSG at 1, 2 and 
3 MW gas engines nominal 
(100%) load

Type of gas 
engine

Design parameters Water tube Fire tube

Cost-thermal 
effectiveness

Cost-exergy 
destruction rate

Cost-thermal 
effectiveness

Cost-exergy 
destruction 
rate

1 MW ΔTPinch∕
◦C 10.96 10.43 10.81 10.05

Pdrum(Working)∕bar 9.08 9.08 9.08 9.08
ṁst∕kg h

−1 3539.2 3528 3540 3528
L∕m 0.8 0.8 0.8 0.8
d∕mm 50.2 50.2 50.2 50.2
ST∕mm 69.12 69.12 69.12 69.12
SL∕mm 93.24 91.41 88.4 86.2

2 MW ΔTPinch∕
◦C 12.94 11.93 12.46 11.56

Pdrum(Working)∕bar 10.1 10.1 10.1 10.1
ṁst∕kg h

−1 6267.35 6264 6268.1 6264
L∕m 1 1 1 1
d∕mm 63.5 63.5 63.5 63.5
ST∕mm 88.9 88.9 88.9 88.9
SL∕mm 104.12 102.25 98.34 95.50

3 MW ΔTPinch∕
◦C 14.80 13.90 14.54 13.66

Pdrum(Working)∕bar 12.2 12.2 12.2 12.2
ṁst∕kg h

−1 9944.1 9936 9945 9936
L∕m 1.5 1.5 1.5 1.5
d∕mm 75.4 75.4 75.4 75.4
ST∕mm 99.6 99.6 99.6 99.6
SL∕mm 110.04 108.8 105.6 104.2
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total annual cost in water tube boiler are close for both pairs 
of objective functions with difference value less than 3%.

With comparison of results in Table 17, it is observed 
that the highest cost belongs to the evaporator of water 
tube boiler due to the bigger heat transfer surface area 
of this section of HRSG. This is due to the fact that the 
manufacturing cost per unit of heat transfer surface area in 
evaporator is lower than that for superheater (Eq. 15); the 
optimization algorithm has selected a bigger evaporator 
and a smaller superheater for higher heat transfer rate and 
energy recovery, as well as lower total cost simultaneously. 
The total annual cost for two pairs of objective functions 
is 40,000 $/year for water tube boiler and 20,000 $/year 
for fire tube boiler.

Figures 7–10 and Table 17 show that the total annual 
cost of water tube HRSG is as twice as fire tube HRSG 
(due to the bigger evaporator heat transfer surface area) 
for 2 MW gas engine waste heat recovery.

Exergy destruction rate Table 18 shows that for 2 MW gas 
engine nominal power, the highest exergy destruction rate 
(1336.5 kW) occurs in evaporator of water tube HRSG. This 
is due to the significant heat transfer rate in evaporator sec-
tion which results in phase change of water to steam and a 
significant drop of hot gas temperature due to considerable 
heat recovery. Economizer has the lowest value of exergy 
destruction rate (16.65 kW) due to the lower heat transfer 
rate by the hot gas to water in comparison with that for the 

Table 17  Dependent parameters 
(temperatures and heat transfer 
surface areas) and objective 
function values for water tube 
and fire tube HRSG for 1, 2 
and 3 MW gas engines nominal 
(100%) load at the optimum 
design point

Type of gas 
engine

Dependent parameters Water tube Fire tube

Cost-thermal 
effectiveness

Cost-exergy 
destruction rate

Cost-thermal 
effectiveness

Cost-exergy 
destruction 
rate

1 MW ASh∕m
2 17.24 17.27 17.09 17.18

AEva∕m
2 119.54 119.71 35.41 35.56

AEco∕m
2 8.15 8.18 8.13 8.21

Tg2∕
◦C 394.81 394.50 394.15 393.84

Tg3∕
◦C 185.67 185.58 185.2 189.05

Tg4∕
◦C 136.8 136.5 136.2 135.7

Tsat∕
◦C 179.00 179.00 179.00 179.00

� 0.88 0.87 0.88 0.87
CTotal∕$year

−1 225.98 * 102 226.58 * 102 113.18 * 102 114.14 * 102

ĖDes,Total∕kW 766.19 769.04 761.27 765.07
2 MW ASh∕m

2 30.48 30.59 30.42 30.51
AEva∕m

2 210.27 210.02 62.65 62.40
AEco∕m

2 14.59 14.65 14.61 14.7
Tg2∕

◦C 402.5 402.61 402.52 401.63
Tg3∕

◦C 193.25 192.24 192.77 191.87
Tg4∕

◦C 144.04 143.97 143.63 142.60
Tsat∕

◦C 180.31 180.31 180.31 180.31
� 0.91 0.90 0.91 0.90
CTotal∕$year

−1 400.54 * 102 400.56*102 200.20 * 102 201.04 * 102

ĖDes,Total∕kW 1369.31 51,373.4 1362.1 1366.2
3 MW ASh∕m

2 48.45 48.5 48.32 48.39
AEva∕m

2 327.14 327.01 97.52 97.15
AEco∕m

2 22.98 23.01 22.87 22.96
Tg2∕

◦C 449.61 449.19 448.95 420.63
Tg3∕

◦C 237.43 237.07 236.91 202.37
Tg4∕

◦C 190.96 190.61 190.24 189.9
Tsat∕

◦C 188.71 188.71 188.71 188.71
� 0.92 0.91 0.92 0.91
CTotal∕$year

−1 626.02 * 102 626.07 * 102 313.45 * 102 314.22 * 102

ĖDes,Total∕kW 2148.01 2151.20 2138.42 2144.93
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evaporator. The exergy destruction rate in superheater is 
bigger than that for economizer (20.3 kW) due to the higher 
heat transfer rate of hot gas and steam in superheater in com-
parison with that for economizer. Similar trend is observed 
for exergy destruction rate in fire tube boiler.

Selection of fire tube versus water tube boiler Comparison 
between water tube and fire tube HRSG shows that (with 
the same design and dependent parameters) the best ther-
modynamic efficiency (thermal effectiveness of 0.91) and 
the lowest exergy destruction rate (1366.2 kW which cor-
responds to exergy efficiency of 37.2%) are obtained with 
lower total annual cost (approximately 20,000 $/year) in fire 
tube HRSG. This shows that with considering almost simi-
lar exergy efficiency, fire tube HRSG has 50% annual cost of 
water tube boiler and is a good candidate for HRSG in gas 
engine cogeneration plant. The lower evaporator heat trans-
fer surface area of fire tube boiler (62 m2 in comparison with 
that for water tube boiler, i.e., 210 m2) is due to the bigger 
overall heat transfer coefficient in fire tube boiler (which is 
about 3.4 times bigger than that for water tube boiler) and 
also provides the lower cost.

Comparison of energy and exergy efficiencies as well 
as economic results with those in other references

The most important performance parameters of HRSG opti-
mization such as its energy and exergy efficiencies and pinch 
temperature difference are compared with those for other 
cogeneration plants. The optimized energy and exergy effi-
ciencies (90% and 37.3%) of this study for water tube boiler 
are higher than those of [53] (72.46% and 24.89%), [54] 
(70.11% and 33.23%) and [55] (83% and 16%). Also the 

pinch temperature difference of this study (12 °C) for fire 
tube boiler is slightly higher than those of [56] (5.92 °C) 
and [13] (9.46 °C). The higher pinch temperature difference 
decreases the heat transfer surface area and the total cost 
consequently. Thus, the presented thermo-economic multi-
objective optimization provides optimum results for fire tube 
and water tube HRSGs with higher energy and exergy effi-
ciencies and lower total cost.

Performance analysis of the optimized fire tube HRSG 
at partial loads

The performance of the optimized fire tube HRSG with pre-
defined heat transfer surface area and geometrical param-
eters are thermodynamically investigated in four partial load 
cases (90%, 80%, 70% and 60%) for 1, 2 and 3 MW gas 
engines (with exhaust gas characteristics presented in Figs. 5 
and 6 in case study section). The following equation is used 
for HRSG total heat transfer coefficient correction in gas 
engine partial load [57]:

where d is the index of design mode, p is the index of off 
design mode, and g and s are the indexes of gas and steam, 
respectively. The first, second and the third terms in the right 
hand of above equation are the gas mass flow rate, thermo-
dynamic properties and steam mass flow rate corrections, 
respectively. Furthermore, the general equation of thermo-
dynamic parameter variations in the form of fourth-degree 
polynomial is:

Ninety coefficient values of fourth-degree polynomials 
are obtained by curve-fitting for Figs. 11–16 to explain the 
behavior of different operating parameters versus engine 
load variations. The general form of the above mentioned 
fourth-degree polynomial is:

where THP is a thermodynamic parameter including HRSG 
outlet exhaust gas temperature (Tg4) , pinch temperature dif-
ference (ΔTPinch) , steam generation mass flow rate (ṁst) , 
working pressure (PWorking) , thermal effectiveness (�) and 
exergy destruction rate (ĖDes,Total) and (PL) is the value of 
engine partial load.  A0 to  A4 are five constant coefficients 
which are obtained by curve-fitting to variations of six 
parameters (Tg4,ΔTPinch, ṁst,PWorking, 𝜀, ĖDes,Total) for 1, 2 
and 3 MW gas engines (Figs. 11–16).

HRSG exhaust gas temperature The HRSG outlet gas tem-
perature at 90%, 80%, 70% and 60% part loads for 1, 2 and 
3 MW gas engines is shown in Fig. 11. With load reduction, 

(28)(U)p = (U)d ×

(
ṁgp

ṁgd

)0.65

×

(
Bgp

Bgd

)
×

(
ṁstp

ṁstd

)0.15

(29)THP = A4(PL)
4 + A3(PL)

3 + A2(PL)
2 + A1(PL)

1 + A0

Table 18  The exergy destruction rate values for water tube and fire 
tube HRSG for 1, 2 and 3 MW gas engines nominal (100%) load at 
the optimum design point

Type of gas 
engine

Dependent parameters Water tube Fire tube

1 MW ĖDes,Sh∕kW 11.6 11.56
ĖDes,Eva∕kW 748.05 743.77
ĖDes,Eco∕kW 9.48 9.74
ĖDes,Total∕kW 769.13 765.07

2 MW ĖDes,Sh∕kW 20.30 20.29
ĖDes,Eva∕kW 1336.5 1329
ĖDes,Eco∕kW 16.65 16.91
ĖDes,Total∕kW 1373.45 1366.2

3 MW ĖDes,Sh∕kW 32.01 31.95
ĖDes,Eva∕kW 2090.41 2086.34
ĖDes,Eco∕kW 25.86 26.64

ĖDes,Total∕kW 2148.28 2144.93
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the engine exhaust gas temperature reduces which results in 
decrease of outlet gas temperature of HRSG.

Pinch temperature difference The pinch temperature dif-
ference at 90%, 80%, 70% and 60% part loads for 1, 2 and 
3  MW gas engines is shown in Fig.  12. The pinch tem-
perature difference decreases with load increment due to 
the increase of saturated steam pressure which causes to 
decrease the difference between the evaporator outlet gas 
temperature and the saturation steam temperature. This pro-
cess makes to drop the pinch temperature difference.

Steam generation mass flow rate The steam generation 
mass flow rate at 90%, 80%, 70% and 60% part loads for 1, 2 
and 3 MW gas engines is shown in Fig. 13. The steam mass 
flow rate decrement by load reduction is due to decrease in 
the gas mass flow rate at partial load and lower heat trans-
fer rate from hot gas to water and consequently lower vapor 
production.

Working pressure The HRSG working pressure at 90%, 
80%, 70% and 60% part loads for 1, 2 and 3  MW gas 
engines is shown in Fig. 14. The reason of HRSG saturation 
(or approximately) superheat pressure decrement by load 
reduction is the decrease of inlet exhaust gas temperature 
and saturated steam generation mass flow rate at lower part 
loads.

Thermal effectiveness The HRSG thermal effectiveness at 
90%, 80%, 70% and 60% part loads for 1, 2 and 3 MW gas 
engines is shown in Fig.  15. The reason of decrement in 
thermal effectiveness (Eq. 18) with load reduction decreases 
the inlet gas mass flow rate and consequently decreases the 
heat transfer rate (Q) which leads to the decrement of the 
nominator in thermal effectiveness definition (Eq. 18).

Exergy destruction rate The exergy destruction rate at 90%, 
80%, 70% and 60% part loads for 1, 2 and 3 MW gas engines 
is shown in Fig. 16. The decrement of exergy destruction 
rate at partial load operation is due to lower temperature at 
which heat transfer occurs as well as lower exergy flow into 
HRSG due to lower gas mass flow rate at part load.

Table  19 shows 90 constant coefficients (5 (coeffi-
cients) × 6(parameters) × 3(gas engines)) in Eq. (29) for 1, 
2 and 3 MW gas engines at various part loads.
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Optimum design of HRSG for various consumption 
demands

In previous sections, a robust and reliable methodology 
is presented in order to perform the optimum design of 
HRSG for heat recovery from a specific gas engine (con-
sider as scenario A). However, due to process demands, 
the costumers may need an HRSG which can provide spe-
cific operational demand such as certain operating pressure 
or steam produced mass flow rate. In order to find the best 
solution for these demands, the decision variable such as 
operating pressure should be considered as a fixed value. 

For example, if seven design parameters should be selected 
through the optimization process, the known value of pro-
cess demand pressure can be fixed and the optimization 
provide other six design parameters. Results of general 
optimization, optimization with fixed pressure and optimi-
zation with fixed steam mass flow rate (scenarios A, B and 
C) for 2 MW gas engine are shown in Table 20.

Optimum design of  HRSG for  a  specific process pres‑
sure demand In this scenario, operating pressure (P) is 
increased to 20 bar from 10 bar obtained from thermo-eco-
nomic optimization. Table  20 shows that transverse pitch 
(ST) and length of tubes (L) and steam production rate (ṁst) 
are almost similar to what are obtained in scenario A. How-
ever, the pinch temperature difference (ΔTPinch) decreases by 
49.8% and reaches 5.87 °C. This decline is due to the higher 
saturation pressure and consequently higher saturation 
temperature which results in decrement of the difference 
between the exhaust gas and saturation steam temperature. 
Heat transfer surface area of evaporator (AEva) decreases by 
26.7% and reaches 42.03 m2 due to higher steam pressure 
and temperature relative to that for scenario A (assuming 
equal or higher exhaust gas temperature than that in sce-
nario A). However, the heat transfer surface area of super-
heater (ASh) and economizer (AEco) increases by 56.04% and 
4.8%, respectively, to compensate the lower use of exhaust 
gas energy content in evaporator section and to increase the 
heat recovery for decreasing exergy destruction rate and 
increasing thermal effectiveness.

Diameter (d) and longitudinal pitch of tubes (SL) decrease 
by 27% and 47.5% and reached 70.1 mm and 39.75 mm, 
respectively, which leads to a more compact configuration 
for heat exchangers. These lower values are selected by 
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genetic algorithm since it minimizes the total cost through 
reducing the heat transfer surface area of evaporator as the 
biggest heat transfer surface area of HRSG. Thus, AEva 

decreases by 26.7%, while ASh and AEco increase by 56.04% 
and 4.8%, respectively, and since the superheater has the 
highest price in HRSG equipment (highest manufacturing 

Table 19  The constant 
coefficients in Eq. (29) for 1, 
2 and 3 MW gas engines at 
various partial loads

Engine type HRSG parameters A4 A3 A2 A1 A0

1 MW Tg4∕
◦C 4E−05 − 0.0123 1.4101 − 71.072 1499.1

ΔTPinch∕
◦C − 2E−05 0.0047 − 0.5483 27.708 − 493

ṁst∕kg s
−1 − 1E−07 4E−05 − 0.0051 0.3101 − 6.59

PWorking∕bar 8E−06 − 0.0024 0.2962 − 15.685 315.1
� 1E−07 − 4E−05 0.0047 − 0.2422 5.3975
ĖDes, Total∕kW 0.0001 − 0.042 5.1278 − 269.83 5596.8

2 MW Tg4∕
◦C 3E−05 − 0.0086 1.0218 − 53.062 1147.6

ΔTPinch∕
◦C − 2E−05 0.0071 − 0.8364 42.994 − 792.36

ṁst∕kg s
−1 4E−07 − 0.0001 0.0157 − 0.8188 16.54

PWorking∕bar 8E−06 − 0.0024 0.2962 − 15.685 316.1
� 9E−08 − 3E−05 0.0033 − 0.1692 4.053
ĖDes, Total∕kW 0.0003 − 0.0834 10.208 − 538.46 11,101

3 MW Tg4∕
◦C 5E−06 − 0.0013 0.1505 − 7.4458 258.2

ΔTPinch∕
◦C − 1E−06 0.0004 − 0.0479 2.4888 − 21.14

ṁst∕kg s
−1 1E−06 − 0.0003 0.0371 − 1.9351 38.56

PWorking∕bar 8E−06 − 0.0024 0.2962 − 15.675 317.2
� 3E−08 − 8E−06 0.0009 − 0.0393 1.483
ĖDes, Total∕kW 0.0019 − 0.6283 76.274 − 4050.1 80,539

Table 20  Results for optimum design of HRSG for various consumption demand including the need for specified pressure as well as steam pro-
duction rate for heat recovery from a 2 W gas engine

Parameters Scenario A: Optimum design of HRSG 
for 2 MW gas engine heat recovery

Scenario B: Optimum design of 
HRSG for demand of 20/bar pressure

Scenario C: Optimum design of HRSG for 
demand of 7500/kg h−1 steam production 
rate

Independent parameters
ST∕mm 88.9 88.9 88.9
SL∕mm 95.5 70.1 95.5
L∕m 1 1 1
ṁst∕kg h

−1 6264 6264 7500
ΔTPinch∕

◦C 11.56 5.87 12.6
P(Working)∕bar 10.1 20 11.6
d∕mm 63.5 39.75 63.5
Dependent parameters
ASh∕m

2 30.51 47.61 33.56
AEva∕m

2 62.4 42.03 61.89
AEco∕m

2 14.7 15.42 16.01
Tg4∕

◦C 142.6 196.11 147.22
Tg3∕

◦C 191.87 233.78 212.86
Tg2∕

◦C 401.63 420 400
Tsat∕

◦C 180.31 227.91 200.26
Objective functions
CTotal∕$year

−1 201.04 * 102 234.75 * 102 215.83 * 102

ĖDes,Total∕kW 1366.2 1687.05 1445.8
� 0.9 0.8 0.86
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cost per unit of heat transfer surface area, refer to Eq. 15), 
the total annual cost of HRSG (CTotal) increases by 16% and 
reaches 23,475 $/year. Exergy destruction rate (ĖDes, Total) 
also increases by 23.48% and reaches to 1687.05 kW and 
thermal effectiveness (�) decreases by 8.8% and reaches 0.8. 
This is due to the higher outlet exhaust gas temperature and 
lower evaporator heat transfer surface area which reduces the 
amount of recovered heat in HRSG. It can be perceived that 
the optimum design of HRSG for demand pressure of 20 bar 
has lower thermal effectiveness and higher total annual cost 
and exergy destruction rate than that for scenario A, but it 
also has higher outlet exhaust gas temperature which can 
be used further for heat recovery applications such as space 
heating or hot water consumption.

Optimum design of  HRSG for  a  specific steam production 
rate demand In this scenario, the steam production rate (ṁst) 
is considered a fixed value 7500 kg h−1, which is increased 
by 20% in comparison with that for scenario A. Table 20 
shows transverse pitch (ST) , diameter (d) and length of 
tubes (L) are similar to scenario A. Operating pressure (P) 
increases by 14.8% and reaches 11.6 bar due to steam mass 
flow rate increment. Pinch temperature difference (ΔTPinch) 
increases by 8.9% and reaches 12.6 °C due to increase of 
gas temperature passing through evaporator. AEva , decreases 
slightly (2.5%) and ASh and AEco increase by 10.12% and 
8.9%, respectively, due to the similar reasons explained 
in scenario B. The total annual cost (CTotal) also increases 
by 7.3% and reaches 21,583 $/year due to the similar rea-
sons explained in scenario B. The exergy destruction rate 
(ĖDes, Total) also increases by 5.8% and reaches 1445.8 kW 
due to lower evaporator heat transfer surface area and higher 
saturation temperature, this is while the gas mass flow rate 
is equal to its value in scenario A. Thermal effectiveness 
(�) decreases by 4.5% and reaches 0.86 due to the similar 
reasons explained in scenario B, but it has higher value than 
that in scenario B due to the higher steam mass flow rate.

It is observed that although the steam pressure is higher 
in scenario B and steam production rate is higher in sce-
nario C, the best design occurs in scenario A in which the 
thermal effectiveness is higher and total annual cost and 
exergy destruction rate is lower. This issue confirms that 
the optimization procedure presented in this paper finds the 
best solution for the customer, but depending on the cus-
tomer demand, it also can reach to an optimum design which 
has lower total annual cost and exergy destruction rate and 
higher thermal effectiveness than ordinary (non-optimized) 
designs.

Conclusions

Modeling in three aspects of energy, exergy and economic 
and optimizing of water tube and fire tube waste heat recov-
ery boilers (including superheater, evaporator with one pres-
sure level and economizer) in a gas engine cogeneration 
plant are carried out in this paper.

In energy modeling section, the equations of ɛ-NTU, 
LMTD and heat transfer coefficients for one-phase flow (for 
economizer and superheater) and two-phase flow (for evapo-
rator) are organized to form a nonlinear system of equations 
which are used for estimating the performance parameters of 
a selected power output (MW) of a gas engine cogeneration 
plant at nominal (100%) and partial loads.

Furthermore, two pairs of double-objective functions 
including (total annual cost-thermal effectiveness and total 
annual cost-exergy destruction rate) are considered for 
optimization procedure with applying multi-objective non-
dominated sorting genetic algorithm II (NSGA II). After 
optimum point selection by TOPSIS method for water tube 
and fire tube boilers, the results showed that using thermal 
effectiveness or exergy destruction rate as the second objec-
tive function beside total annual cost as the first objective 
function lead to the almost similar results for both HRSG. 
One, two and three MW gas engine cogeneration plants are 
studied here. The presented methodology is also utilized 
for optimum design of HRSG under various consumption 
demands including specific working pressure or steam pro-
duction rate. For 2 MW gas engine as an example at nominal 
(100%) load, results showed that the best thermal effective-
ness (0.91) and the least exergy destruction rate (approxi-
mately 1370 kW) are reached. Moreover, the total annual 
cost of 40,000 $/year and 20,000 $/year for water tube and 
fire tube HRSGs is obtained, respectively. Thus, choosing 
the fire tube HRSG decreases the costs by about 50% and 
consequently is more affordable for gas engine cogeneration 
plants. Furthermore, six relations are proposed in the form 
of fourth-degree polynomials for six performance param-
eters at nominal and partial loads. These six equations are 
obtained to explain the behavior of HRSG outlet exhaust gas 
temperature, pinch temperature difference, steam generation 
mass flow rate, working pressure, thermal effectiveness and 
exergy destruction rate versus the engine load variations. 
These equations can be used for specifying the operating 
conditions of HRSG in gas engine cogeneration plants at 
nominal and partial loads.
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