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optimization approach has been proposed and employed to find the optimal operating parameters of an HT-PEM fuel cell based 
micro-CHP system within the first 15,000 h of operation while considering the impact of degradation. Two different optimization 
procedures with the following objective functions have been applied: (I) net electrical efficiency and thermal generation; and (II) net 
electrical efficiency and electrical power generation. Steam to carbon ratio, auxiliary to process fuel ratio, fuel partialization level and 
anodic stoichiometric ratio are the design parameters. Based on the results of optimization pro-cedure I, the highest achievable net 
electrical efficiency at the beginning of operation is 32.75% which, due to degradation, considerably declines to 29.51% in the last 
time interval. Moreover, in all time steps, optimal solutions cover a wide domain of thermal generation which assures the capability of 
the system to easily cope with the thermal demand of the user. On the other hand, optimization procedure II displays a steady decrease 
in both electrical efficiency and electrical generation through time which indicates the adverse effect of degradation on these two 
performance indices. Finally, it has been found that, using optimization procedure I, the cumulative average electrical efficiency of the 
plant improved from 26.03% at normal operation to 27.56% at optimized condition. Furthermore, it was determined that by 
ed 
employing the optimal points obtained in optimization procedure I
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1. Introduction

In the past decade, scarcity of primary energy sources and
stringent environmental legislations concerning the emissions of
/
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Nomenclature

Acronyms
aux/proc auxiliary to process flow rate ratio
CHP combined heat and power
GDL gas diffusion layer
HT-PEM high temperature proton exchange membrane
MEA membrane electrode assembly
OHM ohmic
PBI polybenzimidazole
S/C steam to carbon ratio
SMR steam methane reforming
WGS water gas shift
WKO water knock out

Symbols
EID ideal voltage (V)
Ea activation energy (kJ/mol)
f friction factor
DH298K standard enthalpy of reaction (kJ kmol�1)
I current (A)
k rate coefficient
K equilibrium constant

LHV low heating value (kJ kg�1)
_m mass flow rate (kg s�1)
N number of cells
P power (kW)
r rate of reaction (mol lit�1 s�1)
R universal gas constant (kJ kmol�1 K�1)
T temperature (K)
V voltage (V)

Subscripts
A anode
B burner
C cathode
el electrical

Greek symbols
gA anodic voltage loss
gC cathodic voltage loss
gel electrical efficiency
kH2 anodic stoichiometric ratio
contaminants have set the focus on developing new technologies
for more environmentally benign and more efficient power pro-
duction systems [1,2]. One of the most acknowledged approaches
in combating the aforementioned challenges is the usage of fuel
cell technology in order to cater the electricity and heat demand
of domestic dwellings which is responsible for a large part of total
energy consumption in Europe [3]. Among different available tech-
nologies, fuel cells can be taken into account as one of the most
encouraging options for future low-energy building concept. Fuel
cell based micro-combined heat and power (micro-CHP) systems
can reach higher electrical efficiencies in comparison with micro-
CHPs based on heat engines while they also offer lower heat-to-
power ratio.

Proton exchange membrane (PEM) fuel cell is amongst the most
developed technologies for CHP applications and it covers around
90% of the fuel cell based CHP plants [4]. In this regard, many
works have been dedicated to modelling and simulation, perfor-
mance evaluation, and optimization of fuel cell based CHP plants
[5–7]. Guizzi and Manno [8] carried out energetic and economic
analyses on a cogeneration system based on a PEM fuel cell which
was able to achieve net electrical and thermal efficiency of 41.93%
and 64.16% respectively at rated conditions. In another study, Jan-
nelli et al. [9] compared the performance of three cogeneration sys-
tems based on LT-PEM and HT-PEM fuel cells. The results showed
that systems based on the HT-PEM fuel cell achieve electrical effi-
ciency and first law efficiency up to 40% and 79% respectively.
Zuliani and Taccani [10] analyzed the performance of a 1 kW HT-
PEM based cogeneration system and reported that at design load,
the system can reach electrical efficiency of 26% and the total effi-
ciency of 78% while offering a simpler balance of plant compared to
a LT-PEM based system. Kang et al. [11] applied a model of a 20 kW
PEM fuel cell based system in ASPEN HYSYS to investigate the
impacts of main operating parameters on the electrical and ther-
mal efficiency of the plant. The simulation data reveal that the fuel
delivery rate and air-fuel ratio supplied into the burner are crucial
factors to obtain the desired electrical power and an acceptable CO
concentration level. In another research, Napoli et al. [12] per-
formed a techno-economic analysis on PEMFC and SOFC based
micro CHP systems and concluded that for both cases, the invest-
ment cost is the main obstacle to compete with the conventional
technologies. A thermo-economic analysis on an HT-PEM fuel cell
based CHP systems showed that the average per-unit cost (PUC)
of electrical power is 15–19,000/kWe, while the average PUC of
electrical and heat recovery power is 7000–9000/kW [13]. Herdem
et al. [14] carried out a parametric study on a methanol reformate
gas fuelled HT-PEM fuel cell based system and demonstrated that
the effect of CO molar ratio on the fuel cell performance declines
with fuel cell temperature. The fuel cell voltage diminishes around
78% with an increment in current density from 0.1 A/cm2 to 1 A/
cm2 for 160 �C fuel cell temperature and 0.9% CO molar ratio in
the reformate gas. One of the approaches to increase the net elec-
trical efficiency of the system is to harness the generated heat
within the plant via organic Rankine cycle (ORC) and convert it
to electrical power [15]. For this purpose, Perna et al. [16] inte-
grated an HT-PEM fuel cell system with an ORC unit and compared
the performance of the plant with and without the ORC unit. The
obtained results revealed that the integration with an ORC unit
can significantly boost the electrical production by 10%. Wu et al.
[17] studied the performance of a polybenzimidazole (PBI) based
HT-PEM fuel cell stack under air-breathing conditions. Their results
suggested that a peak power density of 220.5 mW cm�2 at 200 �C
can be achieved without employing any water management, which
is comparable to those achieved with LT-PEM units.

Almost all fuel cell technologies suffer from degradation over
time which results in performance deterioration and extra cost
for replacement or repairing of the components. This issue is of
particular importance and has been widely underscored in the case
of fuel cell based CHP plants given the severe degradation in fuel
cell stack. As a consequence, a number of studies have been
focused on novel approaches for modelling the degradation and
optimizing the operating conditions of the stack to alleviate the
negative effect of degradation and elongate the system’s lifetime.
Pohl et al. [18] proposed a novel method for modelling the degra-
dation within HT-PEM fuel cells using dual time scale simulations
with shorter simulation time by approximately 73% compared to
conventional simulation approaches. In another research, Zhang
et al. [19] conducted an optimization on the operating temperature
of HT-PEM fuel cell and based on their experimental results, the
optimal operating temperature window is between 160 �C and
180 �C by compromising among the cell performance, CO tolerance



1 For interpretation of color in Figs. 1 and 5, the reader is referred to the web
version of this article.
and durability. Similarly, Kim et al. [20] developed experimentally
validated models to predict the durability of HT-PEM fuel cell at
different operating temperatures. Galbiati et al. [21] performed
an experiment on degradation of an HT-PEM fuel cell with PBI-
based membrane and suggested that increasing the temperature
from 160 �C to 180 �C results a growth in degradation from
8 lV h�1 to 19 lV h�1. Given the aforementioned facts, in order
to provide a realistic understanding of the system in long-term
and a solid basis for economic plans, degradation throughout the
lifetime of the system should be integrated in the CHP system anal-
ysis. Mocoteguy et al. [22] studied the long-term operation of an
HT-PEM based micro-CHP and showed that in the first 500 h of
operation stack’s performance varies slightly while after 658 h of
operation the electrical efficiency dropped from 30.6% to 28.3%.
In another research work, Hawkes et al. [23] developed a mathe-
matical model for techno-economic analysis of fuel cell micro-
CHP system while taking into account the stack degradation.

Due to the high investment cost of fuel cell based energy sys-
tems, in order to maximize the profit, optimizing the operation
of the plant from energetic point of view is of great importance.
Accordingly, a number of researches have been focused on opti-
mization of fuel cell based systems. Di Marcoberardino et al. [24]
studied the integration of an autothermal membrane reformer
with a 5 kW PEM fuel cell based micro-CHP system. In their study,
optimization of the plant based on thermodynamic objectives (net
electric efficiency and total system efficiency) was performed with
different configuration and operating conditions. Gandiglio et al.
[25] designed and optimized an LT-PEM based CHP system for res-
idential applications. Their results showed that the maximum
achieved electrical efficiency is around 36% (AC, LHV) and the con-
sidered micro-CHP PEM system is able to supply around 22.4% of
the heat demand of a 50 m2 medium-low efficiency building. In
another research, Barelli et al. [26] developed a model of a PEM fuel
cell CHP system in Aspen Plus environment to assess energetic and
exergetic efficiency of the system and locate the optimal operating
conditions. In another work, Godat and Marechal [27] studied the
optimization of an LT-PEM fuel cell to find the optimal operating
conditions and process structure of the system using process inte-
gration techniques. The electrical efficiency of the system was
increased from 35% for the reference system to 49% in the opti-
mized design. Arsalis et al. [28] optimized an HT-PEM FC based
micro-CHP system which caters the residential needs for heating
and electricity in detached single-family households in Denmark.
Their results demonstrated an average net electrical efficiency
and average total system efficiency of 0.380 and 0.815 respectively.

The principal goal of this article is to assess the optimum long-
term performance of an HT-PEM fuel cell based micro CHP plant by
applying two different multi-objective optimization approaches. In
the first optimization method, net electrical efficiency and thermal
generation have been selected as objectives functions while in the
second one thermal generation was replaced by electrical genera-
tion. Steam to carbon ratio, auxiliary to process fuel ratio, fuel par-
tialization level and anodic stoichiometric ratio have been chosen
as design parameters. In both optimization approaches, for each
time interval, the result of optimization is a Pareto frontier which
is a set of optimal points each of which is a trade-off between
the desired objective functions. The ultimate purpose of combining
multi-objective optimization and degradation prediction is to pro-
vide sets of operating parameters which are capable of covering a
wide range of thermal/electrical power generation and also offer-
ing the maximum achievable electrical efficiency during system’s
operation. Finally, in order to emphasize the advantage of employ-
ing multi-objective optimization, values of lifetime electrical effi-
ciency and electrical generation at two different operating
conditions, normal and optimized, have been compared. It is worth
mentioning that, the results obtained in the study provides a
guideline for progressive modification of operating conditions in
order to mitigate the degradation effects and to maximize the
long-term performance of the plant.
2. Plant description

The configuration of the HT-PEM fuel cell based micro CHP plant
can be seen in Fig. 1. Three main pathways or flow streams can be
considered in the system including: syngas flow which is showed
by red1 color and starts from the SMR reactor and eventually enters
the anodic side of the fuel cell; low pressure water circuit with light
blue color which absorbs heat from the cathodic outlet stream and
flue gases leaving the plant; and high pressure water circuit with
navy blue color which captures heat in heat exchangers before the
water gas shift reactor, after the anodic recuperator and superheater
and finally provides superheated steam for reforming reactions
within the SMR. Before entering the ejector, natural gas is first desul-
furized due to the low resistance of PEM fuel cell to sulfur com-
pounds. Afterwards, the desulfurized natural gas is mixed with
superheated steam and the mixture undergoes the reforming reac-
tions in the SMR and the hydrogen rich reformate is produced. A part
of the fed natural gas is considered as auxiliary fuel and injected into
the burner and the resulting high temperature combustion gases are
utilized to provide the required heat for endothermic reforming reac-
tions in the SMR. It should be mentioned that the amount of the fuel
to the burner and the air to fuel ratio can be regulated to have a speci-
fic combustion gas temperature. The produced syngas in SMR is then
entered the WGS where the CO concentration is brought down to
acceptable levels imposed by the properties of the PEM fuel cell. Prior
to the fuel cell and due to the limitation of PEM fuel cell regarding
water management, the water content of syngas is reduced using a
heat exchanger and a water knock-out (WKO). In the fuel cell stack,
hydrogen and oxygen react according to the electrochemical reac-
tions and generate electricity, waste heat and water. The waste heat
generated by the electrochemical reactions is provided to Thermal
User 1 by means of an oil circulation system. On the other hand, ther-
mal energy collected from different parts of the plant by the low pres-
sure water circuit goes to Thermal User 2.
3. Model description

3.1. Fuel processor

3.1.1. steam methane reformer
In the present study, a steam methane reformer (SMR) has been

utilized to provide the required hydrogen for electrochemical reac-
tion. In order to model the SMR unit, a 1D steady state and non-
isothermal plug flow reactor with shell and tube heat exchanger
configuration has been modelled in the MATLAB environment. It
should be pointed out that in the developed SMR model, due to
the small diameter of the tube side of the reformer (where reac-
tions take place) concentration and temperature gradients in the
radial direction are considered to be insignificant and also it is
assumed that the rate determining step is the surface catalytic
reaction. The kinetic model of steam methane reforming proposed
by Xu and Froment [29] has been employed to model the reaction
kinetics. The developed model is next validated using experimental
data obtained from a setup with the same geometry designed and
implemented by our industrial partner, ICI Caldaie S.p.A. Through
the model development, two separate working media have been
simulated: the tube side, filled with catalyst, in which the reactions
occur and the shell side where the combustion gases from the



Table 1
The geometric parameters of the HT-PEM fuel cell stack.

Geometric parameter Value

Channel length (cm) 76.25
Channel height (cm) 0.2
Cell width (cm) 7.6
Number of channels 38
Number of cells 440
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Fig. 1. Schematic view of the HT-PEMFC based CHP plant.
burner flow and provide the required heat for endothermic reac-
tions. The catalyst structure and composition owing to the confi-
dentiality of the manufacturer’s data are not reported. The main
reactions taking place within the steam reformer are listed below:

CH4 þH2O () COþ 3H2 DH298K ¼ þ206 kJ=mol ð1Þ

COþH2O () CO2 þH2 DH298K ¼ �41 kJ=mol ð2Þ

CH4 þ 2H2O () CO2 þ 4H2 DH298K ¼ þ165 kJ=mol ð3Þ
Xu and Froment [29] proposed a general and realistic Lang-

muir–Hinshelwood type kinetic model for methane steam reform-
ing considering the water–gas shift reaction to occur in parallel
with the steam reforming reactions. The details of kinetic coeffi-
cients, and the assumptions considered while developing the
model can be found in the previous work of the authors [30,29].

3.1.2. Water gas shift reactor
Employing water gas shift reactor downstream of the SMR

brings about two main advantages: on the one hand, the hydrogen
yield is enhanced resulting in higher electrical efficiency for the
fuel cell, and on the other hand, carbon monoxide content, which
adversely affects the fuel cell voltage, is reduced. The kinetics
equations proposed by Keiksi et al. [31] for high temperature
WGS with Fe3O4-Cr2O3 as catalyst have been employed. Consider-
ing the fact that the WGS reaction is exothermic and favored by
low temperature, a heat exchanger located upstream of the WGS
reactor reduces the temperature of the syngas to a desired level.

3.2. HT-PEM fuel cell stack

The HT-PEM fuel cell stack is basically made up of three main
parts including the pre-heater, the membrane electrode assembly
(MEA), and the oil cooling circuit. The reactants (syngas and com-
pressed air) first go through the pre-heater where they exchange
heat with the circulating oil to reach the stack temperature. In
the MEA, hydrogen and oxygen participate in the electrochemical
reaction resulting in heat, water and electricity. The MEA can be
divided into three main parts: cathodic and anodic channels, the
gas diffusion layer (GDL) and the anodic and cathodic electrodes.
The GDL is a pathway for hydrogen and oxygen to access the cata-
lyst layer where the electrochemical reaction occurs. The cathodic
and anodic electrodes are separated by a polybenzimidazole mem-
brane. Table 1 represents the main geometric parameters of the
fuel cell stack used for the simulation.

The MEA domain is modelled using a quasi 2D approach in
which the integration is carried out in two coordinates: along the
channel and along the MEA thickness. Hydrogen and oxygen are
gradually consumed through the channel owing to the electro-
chemical reactions while water is consequently produced. In order
to determine the species concentration profiles mass conservation
is taken into account.

The current density (reaction rate) is determined employing the
following equations:

V ¼ EID � gOHM � gC � gA ð4Þ

Pstack ¼ VcellIstackN ð5Þ
where V is the single cell voltage, EID is the ideal voltage by Nernst
equation, gOHM is the ohmic loss, and gC and gA are the cathode and
anode activation losses respectively.



Table 2
The values of the parameters used for the HT-PEM fuel cell modelling.

Symbol Value Description

Cref/mol cm�3 5.88 � 10�6 Reference O2 concentration
dGDL/cm 0.04 GDL thickness, anode/cathode
dMEM/cm 0.015 Membrane thickness [36]
e/sGDL/- 0.084 Porosity/ tortuosityGDL, anode/cathode
hH2PO4�/– 0.05 H2PO4

� coverage [36]
E0/V 1.256–2.4 � 10�4�T Ideal potential
aC/– 0.85 Charge transfer coefficient cathode [32]
EORR/J mol�1 102.86 � 103 Activation energy ORR [36]
i0,ORR/A cm�2 3.28 � 10�6 Exchange current density ORR [36]
aA/– 0.5 Charge transfer coefficient anode [36]
EHOR/J mol�1 2.5 � 103 Activation energy HOR
i0,HOR/A cm�2 1.25 � 103 Exchange current density HOR [35]
ECOR, C/J mol�1 127 � 103 Activation energy COR [35]
i0,COR/A cm�2 2.2 � 1013 Exchange current density cathode [35]
EADS,H/J mol�1 10.4 � 103 Activation energy hydrogen adsorption [35]
kADS,H/cm s�1 5.96 Hydrogen adsorption constant [35]
EADS,CO/J mol�1 47.3 � 103 Activation energy CO adsorption [35]
kADS,CO/cm s�1 1.5 � 105 CO adsorption constant [36]
EDES,H/J mol�1 98.3 � 103 Activation energy hydrogen desorption [35]
kDES,H/cm s�1 2.5 � 103 Hydrogen desorption constant [35]
EDES,CO/J mol�1 147 � 103 Activation energy CO desorption [35]
kDES,CO/cm s�1 1.03 � 103 CO desorption constant [35]
bCO/– 0.1 Frumkin isotherm symmetry factor [35]
rCO/J mol�1 K�1 56.5 Frumkin isotherm lateral interaction parameter [35]
rGDL/S cm�1 9 GDL conductivity [34]
r0/S cm�1 K�1 9.4 � 103 Membrane conductivity parameter[32]
Er,MEM/J mol�1 18.5 � 103 Activation energy membrane conductivity [32]
Dm/cm2 s�1 0.001 Membrane water permeation coefficient
EID (ideal voltage) is determined as a function of temperature
from the Gibbs free energy formation data. The Ohmic loss is the
summation of the resistances of the bipolar plates, GDLs, and the
electrolyte and is assumed to follow the Ohm’s law. It is also pre-
sumed that the electrolyte conductivity follows the Arrhenius law
and it is taken from [32]. The electrolyte’s Ohmic loss is deter-
mined using its proton conductivity:

gohm ¼ idm
rPBI=H3PO4 ðTÞ

ð6Þ

where

rPBI=H3PO4 ðTÞ ¼
r
T
exp � Ea

RT

� �
ð7Þ

Furthermore, Stefan-Maxwell phenomenological law [33] is applied
to model the mass transport within the GDL. The activation losses of
the cathodic electrode are supposed to follow the Tafel Law, first
order with respect to oxygen concentration [34]:

gC � b � log i
i�

� �
þ b � log Cref

CO2 ;el

� �
ð8Þ

where i� is the reference exchange current density which follows an
Arrhenius like behavior and b, the Tafel slope, is determined using
the following correlation:

b ¼ RT=ðaCFÞ ð9Þ
As mentioned previously, carbon monoxide has a negative

impact on the performance of the fuel cell. The origin of this issue
is the adsorption of carbon monoxide on the anode catalyst active
sites and consequently retardation of the electrochemical reac-
tions. Accordingly, the adverse effect of CO poisoning on the cell
voltage and the fuel cell’s performance has been taken into account
in the model of the stack. The hydrogen and carbon monoxide oxi-
dation currents are determined using Butler-Volmer equation [35]
as follows:
iH2 � i�;H2 � #H � 2 sinh gA

bA

� �
ð10Þ

iCO � i�;CO � #CO � 2 sinh gA

bA

� �
ð11Þ

i ¼ iCO þ iH2 ð12Þ
Furthermore, the summation of the coverage of all the species must
be equal to 1; hence:

#FREE ¼ 1� #H � #CO � #H2PO
�
4

ð13Þ
where the phosphoric acid’s coverage (#H2PO4�) is taken from [36].
Moreover, Langmuir adsorption for hydrogen and Frumkin adsorp-
tion for carbon monoxide, while considering the equilibrium of
adsorption, are employed to calculate the hydrogen and carbon
monoxide coverage (#H and #CO).The values of the parameters used
in the developed HT-PEM fuel cell stack model are listed in Table 2.

4. System optimization

4.1. Definition of objective functions

In this study, two different optimization procedures have been
followed with the same optimization concept but different sets of
objective functions. In the first one (optimization procedure I),
thermal power generation of the plant which is the sum of the
thermal input to User 1 and 2 is one of the objectives and the
net electrical efficiency of the system is the second objective. On
the other hand, in the optimization procedure II, electrical power
generation and net electrical efficiency have been selected as the
objective functions. It should be highlighted that in all the
optimization methods the impact of degradation within the fuel
cell stack and steam methane reformer has been taken into
consideration.

The presented analysis is conducted for the first 15,000 h of
operation of the system which is an acceptable lifetime for



Table 4
The fixed design parameters of the HT-PEMFC based CHP plant.

Operating condition Value

Ambient temperature 20 (�C)
Ambient pressure 1 (bar)
Pressure of high pressure water circuit 7.8 (bar)
Pressure of low pressure water circuit (bar) 2 (bar)
DC/AC inverter efficiency 96 (%)
Cathodic stoichiometric ratio 2
Current density 0.2 (A cm�2)
Cell temperature 160 (�C)
Air compressor isentropic efficiency 82 (%)

Table 5
Genetic algorithm parameters in the optimization process.

Tuning parameters Value

Population size 300
Maximum number of generation 200
Probability of crossover 90%
Probability of mutation 1%
Selection process Tournament
Tournament size 2
HT-PEM fuel cell based micro CHP. After 15,000 h of operation,
substantial voltage losses in the fuel cell stack and consequently
sharp decline in the performance hinder further usage of the sys-
tem and necessitate repairing or replacement of some of the com-
ponents [20,37]. Six unequal time intervals have been considered
for the first 15,000 h of operation with shorter intervals for periods
with sharper degradation in the fuel cell and reformer. In each time
interval, the mean degradation value of that period has been
employed to estimate the performance indicators and the obtained
results are representatives of the whole period. It is important to
note that the inlet fuel flow rate fed to the plant is changing in
the optimization process due to the variations of auxiliary to pro-
cess fuel ratio and fuel partialization level.

The net electrical efficiency applied in the optimization proce-
dure is calculated as follows:

gnet;el ¼
_Pel;net

_mCH4 ;inLHVCH4

ð14Þ

where the net power output ( _Pel;net) is the power produced by the
fuel cell stack after subtracting losses and auxiliaries

4.2. Design parameters and constraints

Steam to carbon ratio (S/C), anodic stoichiometric ratio (kH2 ),-
fuel auxiliary to process ratio (aux/proc), and fuel partialization
level (ratio between the provided fuel flow rate and the supplied
fuel rate at full load operation) have been chosen as design param-
eters. With the purpose of obtaining results which are technically
viable, several constraints and ranges have been imposed on the
system design parameters during optimization. The design param-
eters and their ranges of variation along with the corresponding
constraints are presented in Table 3. Furthermore, the operating
conditions of the CHP plant which have been used in the modelling
of the system are brought in Table 4.

4.3. Optimization method

One of the major shortcomings of the works dealing with the
optimization of fuel cell based CHP systems is that in most of them
only one of the performance indices is aimed to be optimized.
However, in order to achieve a meaningful and comprehensive
understanding of the capacity of the system under optimized con-
ditions, multi-objective optimization could be a useful and practi-
cal tool. Different from single-objective optimization, the outcome
of a multi-objective optimization problem is not a single optimum
point, but a set of non-dominated solutions (Pareto front) which
simultaneously satisfy the objective functions at an acceptable
level. Once the Pareto front curve is obtained, based on the specific
usage, it can be decided which design set is the most suitable.
Table 3
List of constraints for system optimization and the range of variation of design
parameters [37,40].

Constraint Reason

3.5 < S/C < 5.5 Minimum and maximum values of steam to carbon
ratio

1.2 < kH2 < 1.6 Minimum and maximum values of anodic
stoichiometric ratio

0.6 < Partialization < 1 Minimum and maximum values of fuel partialization
level

0.12 < aux/proc < 0.22 Minimum and maximum values of auxiliary to
process fuel ratio

T8 < 610 K Due to exothermic nature of WGS reaction
T17 > 340 K To avoid formation of carbonic acid (H2CO3) in

exhaust gases
Among different methods for multi-objective optimization, genetic
algorithm (GA) is one of the most applied techniques for optimiza-
tion of energy systems. In genetic algorithm, a solution vector
(chromosome or individual) is used to assess the objective func-
tions values (fitness value) and then new generations of solutions
are generated from the previous ones by means of crossover and
mutation. In the crossover operation, two chromosomes are com-
bined to form new chromosomes (offsprings). Individuals with
higher fitness have more chance for being selected and conse-
quently produce offsprings. In the mutation operator, random
changes in individuals are employed to aid the population search
to escape from local optima by introducing diversity into the pop-
ulation [38,39].

The multi-objective GA implemented in MATLAB optimization
toolbox has been employed in the present work and the chosen
values for the GA parameters are listed in Table 5.

5. Results and discussion

5.1. Reformer, water gas shift reactor, and HT-PEM stack model
validation

In order to validate the developed models of the steammethane
reformer and water gas shift reactor, the experimental data
obtained from an LT-PEM fuel cell based CHP plant (Sidera30),
designed by ICI Caldaie S.p.A are employed. Accordingly, consider-
ing the same geometrics and kinetic characteristics of the real
plant, while operating at the same operating conditions, the results
from the model have been compared with the available experi-
mental data. The analyzed parameters through the validation pro-
cess include the syngas composition at the outlet of the reformer
and the WGS reactor, the temperature of the syngas leaving the
fuel processor reactors, and the superheater outlet temperature.
The details of the validation procedure and developed model’s
accuracy have been represented in the author’s previous study
[30].

In order to confirm the accuracy of the HT-PEM fuel cell model,
the experimentally validated model developed by Bergmann et al.
[36] has been utilized. In this regard, the polarization curves
obtained from the model are compared with the ones reported
by Bergmann et al. [36] at different CO concentrations and stack
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Fig. 2. Validation of the HT-PEM fuel cell stack model.
temperatures. As can be seen in Fig. 2, an acceptable level of accu-
racy has been achieved by the developed model for simulating the
behavior of the HT-PEM fuel cell.
5.2. Degradation model of HT-PEM fuel cell and steam reformer

As mentioned in previous sections, HT-PEM fuel cell suffers
from drastic degradation and performance diminution through
time. Co-authors of the present article have conducted a compre-
hensive experimental investigation on the influence of key fuel
cell’s parameters including stack temperature, current density,
and cathodic stoichiometry on the degradation rate of a PBI-
based HT-PEM fuel cell [21]. In another research, Kim et al. [20]
developed several experimentally validated models to predict the
durability and performance trend of an HT-PEM fuel cell under dif-
ferent cell temperatures for long periods of time. Due to the fact
that the fuel cell used in the present study and the one employed
by Kim et al. [20] have similar characteristics, and given the consis-
tency between the proposed models by Kim et al. [20] and exper-
imental results obtained by co-authors [21], the model reported by
Kim et al. is considered to predict the cell voltage drop with time,
as depicted in Fig. 3.

Regarding the degradation within the reformer, the experimen-
tal data of a long term performance analysis on the steam reformer
was provided by the industrial partner, ICI Caldaie S.p.A. Table 6
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Fig. 3. Voltage drop due to the degradation in time.
presents the experimental data on the performance of the reformer
for the first 14,000 h of operation.

5.3. Optimization procedure I

The first optimization procedure is conducted with the aim of
investigating the optimal operating conditions of the system while
addressing a certain thermal load profile. Accordingly, the thermal
generation and the net electrical efficiency are considered as opti-
mization objectives. The optimization procedure has been carried
out for a series of time intervals while taking into account the
degradation within the system. It is noteworthy that the time steps
have been chosen based on the degradation profile of the stack and
the steam reformer (see Section 4.1). As can be clearly noticed in
Table 6, the steam reformer has a significant degradation at the
beginning of operation while, as displayed in Fig. 3, the fuel cell
stack experiences substantial voltage loses at the end of the con-
sidered lifetime of the plant. As a consequence, the variation in
the performance of the system is more significant in the beginning
and the end of lifetime and, therefore, shorter time intervals (more
time steps) have been selected in these regions.

Fig. 4 demonstrates the obtained Pareto frontier solutions for
optimization procedure I at different time intervals. The competing
relation between the thermal generation and the net electrical effi-
ciency (i.e. objective functions) can be clearly noticed in the
obtained multi-objective optimization curve. Considering the Par-
eto frontier curve for any time intervals, as the thermal generation
increases, the net electrical efficiency significantly deteriorates.
Fig. 4 affirms the capability of the system to cover a wide range
of thermal generations (from 27 kW to 64 kW) which is a crucial
aspect of micro CHP plants for building applications due to the sig-
nificant thermal load fluctuations. On the other hand, the expected
descending trend of the net electrical efficiency with time can be
noticed by comparing the maximum achievable electrical effi-
ciency. Taking into account the thermal generation of 28 kW, the
net electrical efficiency of 32.75% at the beginning of the operation
declines to 29.5% after 14,000 h of operation. The observed reduc-
tion in the net electrical efficiency through time could be con-
tributed to two major phenomena: firstly, as mentioned earlier,
due to the degradation and considerable voltage losses, the perfor-
mance of fuel cell diminishes with time which greatly affects the
net electrical efficiency. On the other hand, the degradation within



Table 6
Reformer performance in different operating time.

Time (h) 0 2000 4000 6000 8000 10,000 12,000 14,000

Conversion (%) 75.2 72.9 71.3 70.6 69.9 69.4 69.2 69
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Fig. 4. Pareto front obtained from multi-objective optimization procedure I in
different time steps.

Table 7
Optimal operating conditions and the resulting net electrical efficiency at different
time steps for 50 kW thermal power generation (optimization procedure I).

Parameter Time step (h)

0 1000 2500 5500 10,500 14,000

Steam to carbon ratio 4.55 4.69 4.66 4.60 4.52 4.58
Auxiliary to process ratio 0.164 0.189 0.147 0.157 0.159 0.141
Anodic stoichiometric

ratio
1.211 1.207 1.210 1.204 1.225 1.213

Partialization factor 0.953 0.927 0.955 0.924 0.904 0.912
Net electrical efficiency

(%)
29.6 28.8 28.4 27.7 26.8 26.1
the reformer hinders the occurrence of reforming reactions and
hydrogen production at reformer’s full capacity which, in turn,
lowers the amount of hydrogen in the reformate gas entered the
anodic side of the fuel cell. The aforementioned issues disable
the plant to efficiently utilize natural gas for electricity production
and instead amplify the thermal power generation. In order to mit-
igate the adverse impact of degradation on the net electrical effi-
ciency, amongst the selected design parameters in the
optimization process, fuel auxiliary to process ratio and fuel par-
tialization level play key roles. In our previous study [30], it was
shown that for steam to carbon ratios smaller than 5, increasing
the auxiliary to process fuel ratio in the range of 0.12–0.22 steadily
lessens the electrical efficiency. Given the fact that the steam to
carbon ratio for all optimal points (Pareto frontier curve), in opti-
mization procure I, is smaller than five, the aforesaid relation
between aux/proc and electrical efficiency can be expected in this
case. Considering the optimal points at each time interval, a fluctu-
ating but roughly descending trend in aux/proc values with time
has been noticed which can be attributed to the fact that employ-
ing lower amount of auxiliary fuel boosts the electrical efficiency.
Variation in fuel partialization level changes the mass flow rate
of the supplied fuel to the plant which can remarkably alter the
thermal and electrical generation and subsequently their efficien-
cies. In this regard, in our previous work [37], we demonstrated
that fuel partialization improves the electrical efficiency due to
the enhancement in reforming reactions and the decrement in
voltage losses in the fuel cell. Monitoring the values of design
parameters showed that optimal points on Pareto frontier curves
with longer operation times mostly possess smaller values of fuel
partialization level which evidences the attempt of the utilized
optimization algorithm to nullify the negative effect of degradation
on the system’s performance. It should be highlighted that higher
waste heat in the stack and larger amount of available heat in
the superheater and economizer due to the degradation offset
the decrement in the thermal generation at lower values of aux/
proc and fuel partialization.

In order to further our understanding of the system’s behavior,
the determined operating conditions and their corresponding net
electrical efficiency for optimal points with thermal generation
equal to 50 kW at different time steps are compared. The obtained
values for design parameters at different intervals are summarized
in Table 7. Even though some general predictions can be made
regarding the dependence of performance indices on the operating
conditions, a significant non-linearity in the trend of obtained opti-
mal parameters can be vividly noticed in Table 7. These non-linear
fluctuations in design parameters can explain the necessity of
employing a sophisticated stochastic optimization procedure
rather than utilizing a conventional parametric study.

Finally, in order to evaluate the ability of the optimization pro-
cedure in attenuating the degradation’s effect, the achieved electri-
cal efficiency at each time step is compared with the ones obtained
during normal operation and partialization strategy (for further
information refer to [30]). The data presented in Table 8 clearly-
demonstrates that utilizing the obtained optimal points in opti-
mization procedure I can remarkably improves the electrical
efficiency of the plant especially at longer lifetimes. For instance,
at the beginning of operation, the electrical efficiency of 28.9% at
normal operation could be improved to 29.6% via optimization;
while after 14,000 h of operation, the difference between efficien-
cies is around 1.7%. Additionally, by using the determined optimal
points, the average cumulative electrical efficiency is increased
from 26.03% (at normal operation) to 27.56%; while applying the
partialization strategy could only marginally increase this perfor-
mance indicator [30].
5.4. Optimization procedure II

Optimization procedure II is carried out in order to determine
the optimal operating conditions of the system while addressing
a certain electrical load profile. For this purpose, the electrical gen-
eration (the demand to be addressed) and the net electrical effi-
ciency (as an indicator of system’s performance) are considered
as optimization objectives. Fig. 5 depicts Pareto frontiers obtained
for different intervals by applying optimization procedure II. As can
be seen in this figure, the aforementioned competing relation
between the objective functions (electrical efficiency and power
generation) exist in all time steps. As a result, applying design
parameters of optimal points with high electrical power generation
leads to lower values of net electrical efficiency. On the other hand,
Fig. 6 displays that through time, the Pareto frontier shifts towards
regions with lower electrical efficiency and power generation
which can be ascribed to the significant degradation in the fuel cell
stack. As an example, the maximum achievable electrical efficiency



Table 8
Comparison between the net electrical efficiency achieved under the optimized condition (optimization procedure I), normal operation, and partialization strategy [30].

Time step (h) Cumulative Average (%)

0 1000 2500 5500 10,500 14,000

gnet,el (%) – Adaptive optimization 29.6 28.8 28.4 27.7 26.8 26.1 27.56
gnet,el (%) – Partialization strategy 28.9 28.1 27.4 26.5 25.6 24.7 26.26
gnet,el (%) – Normal operation 28.9 28.0 27.2 26.3 25.3 24.4 26.03
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Fig. 5. Pareto front obtained from multi-objective optimization procedure II in
different time steps.
of 32.72% at time zero goes down to 29.43% after 14,000 h of
operation.

In order to assess the extent of performance enhancement by
employing the optimal operating conditions attained from per-
forming the optimization procedure II, the maximum electrical
power obtained at different time steps are compared with those
achieved under normal operation. Considering the values reported
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in Table 9, although the electrical power generation gradually
diminishes, it can be observed that the adaptive optimization could
effectively mitigate the reduction in the electrical output. As the
system undergoes further degradation, the difference between
the values of electrical generation under the normal condition
and the optimized one becomes larger. In other words, running
the plant with a single set of operating parameters for the entire
lifetime increasingly distances the system from its full capacity.
Using Table 9, the mentioned phenomenon can be verified by com-
paring the results obtained in the present study (i.e. adaptive opti-
mization) and those borrowed from the previous work of the
authors (i.e. normal operation) [30]. The difference between the
generated net electrical powers under optimized condition versus
normal operation starts with 1.2 kW at the beginning of operation
and reaches its highest value, 1.7 kW, after 2500 h. As another per-
formance indicator, the cumulative average power generation of
the plant is also increased from 25.4 kW to 26.8 kW; the fact which
verifies the considerable gain in employing the proposed adaptive
optimization method to find the optimal operating parameters at
each time step.

Fig. 6 presents the variation of design parameters for the opti-
mal points (28 points) obtained from the optimization procedure
II at 14,000 h (blue curve in Fig. 5). Fig. 6 reveals that for the Pareto
frontier solutions anodic stoichiometric ratio and fuel aux/proc
mainly fluctuate in narrow ranges (i.e. 0.148–0.165 for kH2 and
1.20–1.21 for aux/proc) while steam to carbon ratio and fuel par-
tialization level cover a significant portion of their allowed
domains. As a result, it can be deduced that running the plant by
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Table 9
Comparison between the maximum electrical power generation at different time steps: using the operating conditions given by optimization procedure II and during the normal
operation [30].

Time step (h) Cumulative average

0 1000 2500 5500 10,500 14,000

Pel (kW) – Adaptive optimization 29.4 28.6 28.2 27.0 26.0 25.2 26.8
Pel (kW) – Normal operation 28.2 27.3 26.5 25.6 24.7 23.8 25.4
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Fig. 7. Comparison between distributions of S/C for multi-objective optimization
procedure II at the beginning of operation and after 14,000 h.
applying any value from the optimum ranges for kH2 and aux/proc
will not significantly diminish neither of the objective functions. As
can be noticed in Fig. 6, fuel partialization level sweeps its entire
operating range and can be considered as the main contributor
to the resulting Pareto curve. The important fact which should be
underscored is the opposing impacts of fuel partialization level
on the selected objective functions. On the one hand, increasing
the partialization level or employing smaller values from its
domain directly leads to lower electrical power generation while,
on the other hand, it favors the net electrical efficiency as men-
tioned in the previous section (see Section 5.3).

Finally, in order to elaborate more on the importance of using
adaptive optimization for a system which undergoes degradation,
distributions of steam to carbon ratio for Pareto solutions at 0 h
and 14,000 h (from optimization procedure II) have been reported.
As can be observed in Fig. 7, optimal points at 14,000 h generally
possess steam to carbon ratios greater than those at the beginning
of operation. The noted upward shift in S/C values could be
stemmed from the positive effect of higher S/C (in this specific
range [40]) on the reforming reactions, electrical power generation,
and consequently the net electrical efficiency. It is worth mention-
ing that even though this increment in S/C and the subsequent gain
in terms of electrical power could bring about lower thermal
power generation, the advantageous impact of degradation on
the thermal generation hampers a sharp decline in the values of
generated thermal energy.

6. Conclusion

The key purpose of the present study was to develop an effec-
tive and practical approach which enables the HT-PEM fuel cell
based CHP plant to operate at maximum capacity through its life-
time. To this end, an adaptive multi-objective optimization method
has been applied while considering the degradation in the fuel cell
stack and the fuel processor for the first 15,000 h of operation of
the system. Two different sets of objective functions have been
considered: (I) net electrical efficiency and thermal generation;
and (II) net electrical efficiency and electrical generation. In order
to address thermal and electrical profiles, optimization procedure
I and II can be implemented respectively. Steam to carbon ratio,
auxiliary to process fuel ratio, fuel partialization level and anodic
stoichiometric ratio were the design parameters. In both optimiza-
tion methods, for each time interval, the result of optimization is a
Pareto frontier which is a set of optimal points each of which has
its own unique operating parameters.

Given the inevitable degradation within the components of the
system, this approach can be used as a helpful tool to optimize the
performance of CHP systems. Based on the desired thermal and
electrical outputs, in each time interval, user can alter the operat-
ing parameters (mainly fuel partialization level and steam to car-
bon ration) according to the provided optimal values. In this
way, the operating conditions of the system are progressively mod-
ified in an optimal way, resulting in a notable suppression of degra-
dation effects and a significant increment in the long-term
performance of the plant. Furthermore, employing the obtained
optimal operating points, a stable thermal generation profile can
be obtained while the performance of the unit is also improved.

Considering the optimization procedure I, in all time steps, the
plant is able to cater a wide range of thermal power while, thanks
to optimization, the net electrical efficiency is kept at its maximum
possible value. The highest values of net electrical efficiency at
time zero and after 14,000 h of operation are 32.75% and 29.51%
respectively, which illustrates the significant degradation within
the stack. Furthermore, it was determined that by using the opti-
mal points, the average cumulative electrical efficiency is increased
from 26.03% (at normal operation) to 27.56%; while applying the
partialization strategy (suggested in our previous work) could
slightly increase the efficiency.

Regarding the optimization procedure II, through time, the Par-
eto frontier has a noticeable shift towards regions with lower elec-
trical efficiency and power generation. For instance, the maximum
achievable electrical efficiency of 32.72% at time zero goes down to
29.43% after 14,000 h of operation. Moreover, comparing the
results from this study and those extracted from the previous work
of the authors (i.e. normal operation) shows the cumulative aver-
age power generation of the plant increased from 25.4 kW at nor-
mal operation to 26.8 kW at optimized condition.
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