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Due to the concerns regarding the global warming and more can address both the electrical and the thermal demands of resi-
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in Europe, there is an increasing pressure on power generation
technologies to operate in a more cost-effective (Tran and Smith,
2017), efficient, and environment-friendly manner (Zhai et al.,
2014). Buildings are determined to account for around 40% the
total energy consumptions and 36% of GHG emissions in Europe.
Residential buildings constitute about 75% of the total European
building floor area, where a significant share (up to 80%) of their
energy use is related to heating applications (Merkel et al., 2017).
Furthermore, decentralized generation (DG) has been found to be a
promising alternative for decreasing the carbon intensity of the
energy supply (Bazmi et al., 2015) by evading the transmission and
distributions losses (Fuchs and Hinderer, 2016). The latter approach
can also lead to an improvement in the energy efficiency as the
waste heat can be utilized to cater the heating demand (Merkel
(A. Haghighat Mamaghani),
olimi.it (A. Casalegno), 
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years (Elmer et al., 2015).
Fuel cells are recognized as one of the most promising electricity

generation technologies (Stambouli, 2011), both for stationary
(Pirkandi et al., 2017) and automotive applications (Rizzi et al.,
2014). The advantages of fuel cell units include elevated energy
efficiency (Sharaf and Orhan, 2014), cleaner operation (Wee, 2010),
lower noise, higher reliability, and the ability to produce electricity
and heat simultaneously (Pirkandi et al., 2012). In the trans-
portation sector, fuel cell technology has received interest as a
propulsion alternative for various means of transport including
passenger vehicles (Evangelisti et al., 2017), recreational vehicles
(Benveniste et al., 2017) and buses (Hua et al., 2014). As stationary
power generation systems, fuel cell based micro-combined heat
and power units have been found to be favorable options to effi-
ciently meet the heating and the electricity demands of residential
dwellings (Mehrpooya et al., 2017).

Among different fuel cell technologies, proton exchange mem-
brane fuel cell (PEM FC) is the most widely utilized technology
(Wee, 2007) thanks to its advantageous features such as low
D 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/
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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
LMTD logarithmic mean temperature difference
LT-PEM low temperature proton exchange membrane
MEA membrane electrode assembly
OHM ohmic
PBI polybenzimidazole
PES primary energy saving
PFSA perfluorosulfonic acid
RF reforming factor
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�1)
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
Nu Nusselt number
Px partial pressure of species x
P power (kW)
Pr Prandtl number
_Q the time rate of heat transfer (kW)
r rate of reaction (mol lit�1 s�1)
R universal gas constant (kJ kmol�1 K�1)
Re Reynolds number
T temperature (K)
V voltage (V)

Subscripts
A anode
B burner
C cathode
cogen cogeneration
el electrical
th thermal

Greek symbols
hA anodic voltage loss
hC cathodic voltage loss
hel electrical efficiency
hI first law efficiency
hth thermal efficiency
lH2

anodic stoichiometric ratio
operating temperature, high power density (Wang et al., 2011),
quick response to load changes (Chatrattanawet et al., 2017), and
compactness (Basu, 2015). PEM FC based units are the most broadly
employed fuel cell based residential technology (Elmer et al., 2015).
The most commercially established PEM fuel cell technology is the
conventional low temperature PEM fuel cell (LT-PEM FC) (Gandiglio
et al., 2014). Several studies have been focused on of LT-PEM FC
based CHP system, including studies focused on performance
investigation (Ham et al., 2015), parametric study (Kang et al.,
2015), and reliability investigation (Wang, 2017) of these units.
Other studies have also been dedicated to techno-economic anal-
ysis (Hawkes et al., 2009; Napoli et al., 2015), and optimization
(Godat and Marechal, 2003; Hubert et al., 2006) of these systems.
Nevertheless, LT-PEM FC technology suffers from several opera-
tional issues including water management problems, low CO
tolerance, and necessity of intensive cooling. Therefore, high tem-
perature PEM FC has attracted a great deal of attention owing to its
capability of overcoming thementioned drawbacks associated with
the LT-PEM FCs (Arsalis et al., 2013).

Several research activities have been carried out on investi-
gating the application of HT-PEM fuel cells for cogeneration and
micro-CHP purposes. Colella and Pilli (Colella and Pilli, 2015) per-
formed an energetic and thermo-economic analysis on the HT-PEM
fuel cell based CHP systems in light commercial buildings. They
showed that the average per-unit cost (PUC) of electrical power is
estimated to span 15e19,000 kWe and the average PUC of electrical
and heat recovery power is 7000e9000 kW. In anotherwork, Dillon
and Colella (Dillon and Colella, 2015) analysed the measured per-
formance data from 5kWe HT-PEM fuel cell based CHP systems.
They observed that the net electric efficiency averages 33.7% (based
on HHV) which is slightly below the manufacturer's stated rated
electric efficiency of 36%. Herdem et al (Herdem et al., 2015). con-
ducted a modelling and parametric study on a methanol reformate
gas fuelled HT-PEM FC based system. Their results revealed that the
effect of CO molar ratio on the fuel cell performance decreases at
elevated fuel cell temperatures. The fuel cell voltage decreases
almost 78% with the variation of the 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. Cappa et al (Cappa et al., 2015). compared the
technical and economical performances of an HT-PEMFC based CHP
unit with those of an internal combustion engine for a 10 kW res-
idential CHP application. They demonstrated that the internal
combustion engine is much more affected by the choice of oper-
ating strategy with respect to the fuel cell, in terms of long-term
profitability.

Some previous studies have also been devoted to the optimi-
zation of HT-PEM fuel cell based micro-CHP units, most of which
considered only one objective in the optimization procedure.
Arsalis et al (Arsalis et al., 2013). carried out a study focused on
optimization of 1 kWel micro-CHP system based on HT-PEMFC
technology which caters the demand of a single family house-
hold. In another study (Arsalis et al., 2015), Arsalis et al. optimized
the operating conditions of a residential HT-PEM FC based micro-
CHP system coupled with a vapor-compression heat pump. Their
results demonstrated an average net electrical efficiency of 0.380
and an average total system efficiency of 0.815.

The present paper is focused on optimizing the operating con-
dition of an HT-PEM fuel cell based micro-CHP plant for a wide
range of electrical and thermal generation levels, in order to
maximise the performance of the unit while addressing the



intermitted demand of a residential building. A detailed mathe-
matical model of the plant, developed in a previous study con-
ducted by the authors (Najafi et al., 2015a), has been utilized in this
work with some minor modifications to facilitate the optimization
procedure. In the abovementioned study, the authors performed a
sensitivity analysis on the key parameters of the fuel processor
(steam to carbon ratio and the auxiliary to process flow rate) and
the fuel cell stack (cell operating temperature, current density and
the anodic stoichiometric ratio) to evaluate the system's perfor-
mance under different operating conditions. In another work
(Najafi et al., 2015b), the authors applied fuel partialization (i.e.
changing fuel input) and power to heat shifting (i.e. altering the
anodic stoichiometric ratio) strategies on the same plant to inves-
tigate the capability of the system to deal with intermittent elec-
trical and thermal load profiles. The present study is a continuation
of our previous works with the intention of exploiting the hereto-
fore gained understanding and proposing an optimization
approach to find the optimal operating parameters while providing
broad ranges of electrical and thermal generations. Based on our
previous studies (Najafi et al., 2015a, 2015b), steam to carbon ratio,
auxiliary to process fuel ratio, anodic stoichiometric ratio, and
burner outlet temperature are considered as optimization param-
eters. Furthermore, the allowed ranges of variations of each oper-
ating condition in the optimization procedure, are chosen based on
the results of the first study and the corresponding practical
constraints.

Two different optimization procedures have been carried out at
full load and partial load operation conditions: i) optimization
procedure I with net electrical power and thermal power as ob-
jectives and ii) optimization procedure II in which the considered
objectives are the net electrical efficiency and thermal efficiency.
The results of the optimization procedures are a series of optimal
operating points (Pareto fronts) at full/partial loads, which enable
addressing intermittent electrical/thermal loads while achieving
the maximum possible performance indices. In the last section of
the research, considering the primary energy saving index, the best
optimal point is selected among the Pareto front solutions and the
corresponding electrical and thermal generation along with the
resulting efficiencies are reported.

It is noteworthy that the main contribution of the present study,
compared to the previous works of the authors on this subject,
including (Haghighat Mamaghani et al., 2017), is to provide mul-
tiple optimal operating conditions with various electrical and
thermal generation levels. Utilizing the proposed set of optimal
operating points can guarantee the maximization of system's per-
formance while supplying intermittent residential demand
profiles.

2. Plant description

Fig. 1 shows the configuration of the HT-PEM fuel cell based CHP
plant, which is fed by natural gas. The fuel is firstly divided into two
streams; the first of which is going through the desulfurization
process and is later introduced into the ejector and the second one
is injected to the burner. In the ejector, the fuel is mixed with the
superheated water (node 24) coming out of the superheater. The
mixture of natural gas and superheated steam is then fed to the
SMR reactor, where the natural gas is converted to a hydrogen rich
reformate gas via reforming reactions. The steam methane
reforming reactions are endothermic (except WGS) and the
required heat is provided by the combustion gases from the burner.
Since the temperature of the combustion gases leaving SMR reactor
is still high, the available energy of this stream (node 15) is firstly
used to produce the required superheated steam for the SMR re-
actions and afterwards to warm up the water in the economizer.
Although HT-PEMFC CO tolerance is higher than LT-PEMFC one, the
amount of CO in the syngas (node 7) is much higher than the
tolerable level of CO content for the anodic side of the fuel cell
stack. As a result, a WGS reactor is placed after the SMR reactor,
which not only decreases the amount of CO via water gas shift
reaction but also increases the H2 selectivity. The heat exchanger
prior to the WGS reactor cools the syngas (node 7) down to about
300 �C while preheating the water before entering the superheater.
The WGS outlet stream (node 9) passes through the anodic recu-
perator, a heat exchanger and finally water knock out (WKO) before
being injected into the anodic side of the HT-PEM stack (node 13).
In the air side, the compressed air (node 34) is fed to the cathodic
side of the fuel cell stack after its temperature is increased via
cathodic recuperator. In the fuel cell stack, hydrogen is consumed
via the electrochemical reaction producing electricity, water and
heat. The outlet stream of the anodic side (node 14) is introduced
into the burner where the unreacted methane and hydrogen is
burned with the auxiliary natural gas and air to provide the
required heat in the SMR reactor. In order to reach the desired
temperature at the outlet of the burner (node 6), a separate air
stream has been considered to be injected into the burner. It is
worth mentioning that the stack is cooled down by an oil circula-
tion unit, which later releases the absorbed heat to the Thermal
user 1. In order to provide the reader with a better understanding of
the operation principle of the plant, the temperature, molar flow
rate and composition of the important nodes in Fig. 1, under an
operating conditions extracted from our previous study (Najafi
et al., 2015a) (S/C¼ 5.25, aux/proc¼ 0.18, TB¼ 1193, and
lH2

¼ 1.2), are given in Table 1.

3. Mathematical model of components

In the present section, assumptions and modelling methodolo-
gies, which are employed in order to simulate the key components
of the plant, are provided.

3.1. Steam methane reformer

The kinetic model put forward by Xu and Froment (Xu and
Froment, 1989) for steam methane reforming has been employed
in themodeling process of SMR. A one dimensional steady state and
non-isothermal plug flow reactor with shell and tube heat
exchanger design has been developed in the MATLAB environment
and the obtained data from simulation have been validated with
the experimental data provided by our industrial partner. In the
SMR model, two separate media have been taken into account: (i)
tube side or catalytic bed where the reactions happen and (ii) shell
side where the hot gas from burner supplies heat for endothermic
reactions. Based on the Xu and Froment (Xu and Froment, 1989)
kinetic model, wateregas shift reaction was considered to take
place in parallel with the steam reforming reactions.

The three key reactions occur in a steam reformer can be listed
as:

CH4 þ H2O⇔COþ 3H2 DH298K ¼ þ206 kJ=mol

(1)

COþ H2O⇔CO2 þ H2 DH298K ¼ �41 kJ=mol

(2)

CH4 þ 2H2O⇔CO2 þ 4H2 DH298K ¼ þ165 kJ=mol

(3)

The details of the kinetics of the reforming reactions, kinetic
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Fig. 1. Schematic view of the HT-PEMFC based plant.

Table 1
Properties of the main nodes of the CHP system under design operating variables.

Node Temperature (�C) Flow rate (mol/s) Composition (mole fraction)

H2O CH4 H2 CO CO2 N2 O2

5 414 0.666 84.01 15.73 0.00 0.00 0.00 0.26 0.00
6 920 1.639 13.11 0.00 0.00 0.16 7.39 68.17 11.17
7 567 0.828 49.77 2.86 37.37 1.81 7.98 0.21 0.00
8 320 0.828 49.77 2.86 37.37 1.81 7.98 0.21 0.00
9 338 0.829 48.27 2.86 38.87 0.33 9.47 0.21 0.00
13 130 0.554 22.68 4.28 58.09 0.49 14.16 0.31 0.00
14 160 0.234 31.89 10.32 23.24 1.11 33.43 0.00 0.00
15 609 1.639 13.11 0.00 0.00 0.16 7.39 68.17 11.17
34 90 1.284 0.00 0.00 0.00 0.00 0.00 79.10 20.90
35 160 1.468 21.66 0.00 0.00 0.00 0.00 69.17 9.17
coefficients, and the assumptions can be found in the literature (Xu
and Froment, 1989).
3.2. High temperature PEM fuel cell stack

The HT-PEM fuel cell stack is made up of three main parts
including the membrane electrode assembly (MEA), pre-heater,
and oil cooling circuit. In the first section, pre-heater, the re-
actants (syngas and compressed air) exchange heat with the
circulating oil to reach the desired temperature. In the MEA,
hydrogen and oxygen go through oxidation and reduction reactions
and eventually produce water and electricity. The MEA has three
main parts: cathode and anode channels, the gas diffusion layer
(GDL) as a pathway for reactants to reach the catalyst layer, and the
anodic and cathodic electrodes where the electrochemical reaction
occurs. The MEA domain is modelled using a quasi 2D approach:
one coordinate of integration is along the channel and the other
one is along the thickness of the MEA. Within the channel, the
hydrogen and oxygen are gradually consumed owing to the elec-
trochemical reactions and, as a result, water is produced. Mass
conservation is taken into account to determine the species con-
centration profiles along the channels, especially oxygen, hydrogen,
water and carbonmonoxide. The main geometric parameters of the
fuel cell stack can be found in a previous study conducted by the
authors (Haghighat Mamaghani et al., 2015).

The reaction rate (the current density) is calculated using the
following equation, which relates the cell voltage to the ideal
voltage:

V ¼ EID � hOHM � hC � hA (4)



Fig. 2. The schematic of the ejector proposed by Eames et al(Eames et al., 1995).
presented in (He and Wang, 2009).
Pstack ¼ VcellIstackN (5)

where V is the single cell voltage, EID is the ideal voltage by Nernst
equation, hOHM is the ohmic loss, and hC and hA are the cathode and
anode activation losses.

The Ohmic loss is assessed from Ohm's law and is the summa-
tion of the resistances of the GDLs, bipolar plate, and the electrolyte.
It is presumed that the electrolyte conductivity follows Arrhenius
law and it is taken from (Siegel et al., 2011). The Ohmic losses of the
electrolyte are calculated using the proton conductivity of the
electrolyte:

hohm ¼ i dm
sPBI=H3PO4

ðTÞ (6)

where

sPBI=H3PO4
ðTÞ ¼ s

T
exp
�
�Ea
RT

�
(7)

Mass transport within the GDL is modelled based on the multi
component gas diffusion using Stefan-Maxwell phenomenological
law (Pisani, 2008). The cathodic electrode is considered to be ho-
mogeneous and its activation losses are supposed to follow the
Tafel Law, first order with respect to oxygen concentration (Liu
et al., 2006):

hC≡b,log
�
i
i*

�
þ b$log

Cref
CO2;el

!
(8)

where i* is the reference exchange current density which follows an
Arrhenius like behavior and b which is calculated using the
following relation, is the Tafel slope:

b ¼ RT=ðaCFÞ (9)

The adverse effect of catalyst CO poisoning on the cell voltage
and the performance of the fuel cell has been also incorporated in
the formulation of anodic activation losses. The hydrogen and CO
oxidation currents are computed by means of the Butler-Volmer
equation (Baschuk and Li, 2003).

iH2≡i*;H2$wH$2 sinh
�
hA
bA

�
(10)

iCO≡i*;CO$wCO$2 sinh
�
hA
bA

�
(11)

i ¼ iCO þ iH2
(12)

where, by definition, the sum of the coverage of all the species must
be equal to 1:

wFREE ¼ 1� wH � wCO � wH2PO�
4

(13)

The coverage of phosphoric acid (wH2PO4�) is taken from
(Bergmann et al., 2010) while the coverage of hydrogen and CO (wH
and wCO) are calculated considering the equilibrium of adsorption
using Langmuir adsorption for hydrogen and Frumkin adsorption
for carbon monoxide. The values of the parameters, employed in
the HT-PEM fuel cell stack model, are given in the previous work of
the authors (Najafi et al., 2015a).

It is worth pointing out that HT-PEM fuel cell units suffer from
degradation, which decreases their performance in the long-run.
The decline in the performance depends on the characteristics of
the materials employed in the cathode, the anode and the mem-
brane. However, the scope of the present work is to conduct a
general optimization of operating conditions of the system, at
various thermal and electrical generation levels, in the beginning of
operation. Therefore, in the present study, the steady state opera-
tion of the system is only modelled and the degradation phenom-
enon has been neglected.

3.3. Ejector

In order to model the ejector, a single phase thermodynamic
model, presented by Eames et al(Eames et al., 1995). based on
isobaric mixing (He and Wang, 2009), has been employed. As
demonstrated in Fig. 2, the ejector is considered to be made up of
four main sections including the nozzle, the suction chamber, the
constant area, and the diffuser. In the developed model, the steam
is taken into account as the primary fluid and the methane as the
secondary one. The losses due to friction are introduced through
considering isentropic efficiencies for the nozzle, the diffuser and
themixing chamber. The two fluids are also assumed to bemixed at
the outlet of the nozzle and complete mixing is considered to takes
place in the mixing chamber before the shock wave and in the
constant area. Moreover, the gases are considered to be ideal and
the flow to be one dimensional.

For the nozzle section the energy conservation equation is
expressed as:

u21
2

¼ hnozzle ðhin � h1Þ (14)

where the index 1 refers to the outlet section of the nozzle. For the
mixing part, the momentum conservation equation between this
section and the complete mixing section (m) is solved:

hmixing
�
mp up1 �ms us1

� ¼ �mp þms
�
um (15)

where the indexes p and s refer to the primary and secondary fluids.
In this section using a correlation based on the Mach numbers
before and after the wave, the pressure change due to the shock
wave is also considered. In the last section, using the Mach number,
the output pressure is evaluated as follows:

P4
P3

¼
�ðg� 1Þ hdiff

2
M2

3 þ 1
�g�1

g

(16)

Based on the values suggested by (Eames et al., 1995), the effi-
ciencies of the three sections are assumed to be 0.85, 0.85, and 0.95.
Starting from a guess outlet pressure, the outlet pressure of the
primary nozzle is determined and, by solving the previously
mentioned equations, the outlet conditions of the ejector will be
calculated.



It is worth mentioning that the applied efficiencies for different
parts of the ejector might change while operating at various
operating conditions (Liu and Groll, 2013; Varga et al., 2009).
Determining such variations requires a more detailed ejector
modelling methodology such as a CFD based approach (Besagni
et al., 2015, 2017), which is beyond the scope of this study. Never-
theless, the variations in the mentioned efficiencies are considered
to be within ±10% of the corresponding average values (Zheng and
Deng, 2017) and the resulting effect on the overall electrical effi-
ciency of the plant does not exceed 0.1%. As a result, the mentioned
choice in the ejector modelling methodology does not affect the
final results of the present work.

4. Plant simulation methodology and solving procedure

Considering the interdependence between the parameters of
the plant, in order to obtain the thermodynamic properties at
different nodes and the resulting performance indices at each
operating condition, an iterative procedure should be imple-
mented. The parameters which are considered in the main iterative
procedure include the temperature of superheated water (node 24)
and anode outlet molar flow rate for each compound (node 14).
First, a guess value is considered for these two parameters and the
simulation of the plant is carried out. After the simulation of the
entire plant is completed, new values for these two parameters are
determined and the guessed values are replaced with the average
of their previous values and the determined ones. The mentioned
iterative procedure is continued until the considered convergence
criteria are met. The mentioned criteria necessitate that the dif-
ference between the values obtained for these parameters in the
last two iterations would be less than 1%.

Regarding the simulation procedure at each iteration, for
modelling the operation of the burner, since TB (node 6) and
amount of injected natural gas (node 3) are known, the molar flow
rate of air stream is varied until the desired TB is achieved. The latter
procedure simulates a burner with a control system that keeps the
stoichiometric ratio constant. As mentioned earlier, the desired
temperature of syngas entering WGS reactor (node 8) is around
300 �C. The mass flow rate of water to pre-WGS heat exchanger
(node 19) is iteratively varied until the desired temperature for
node 8 is reached. Regarding the stack calculations, taking into
consideration the stack design (our previous work) and the molar
flow rate of hydrogen in stream 13, stack's current is determined
and, in turn, the corresponding required amount of oxygen (i.e. air
(node 32)). Finally, the molar flow rate of the anodic outlet (node
14) is obtained and its guess value is updated using the above-
mentioned iterative procedure.

5. System optimization

5.1. Definition of objective functions

In the present study, while operating at full load condition, two
different optimization procedures have been carried out. In the first
procedure (Optimization procedure I), the generated net electrical
power and the thermal power are considered as the objective
functions. In the second procedure (Optimization procedure II), the
net electrical efficiency and the thermal efficiency, which should be
maximized, are the objective functions. It is noteworthy that even
though the process fuel flow rate fed to the plant is kept constant,
the auxiliary to process fuel flow rate ratio is one of the optimiza-
tion parameters and the overall fuel flow rate fed to the plant is
varying at different operating points. The results of the first and
second optimization procedure are different and each of the cor-
responding results can be chosen and utilized considering the
design criteria of a specific plant. In the second part of study, the
second optimization procedure (considering efficiencies as objec-
tives) is applied while operating at different partialization levels.

The net electrical efficiency considered in the second optimi-
zation procedure is defined as follows:

hnet;el ¼
_Pel;net

_mCH4;inLHVCH4

(17)

where the net power output is the remaining power generated by
the fuel cell stack after losses and subtracting auxiliaries. The
thermal efficiency is similarly defined as:

hth ¼
_Quser1 þ _Quser2
_mCH4;inLHVCH4

(18)

It should be added that exergetic and economic objectives are
other possible alternatives to be considered as objective functions
in the optimization procedure. However, in the present study, the
size of the system and the configuration of plant are kept constant,
and the corresponding operating conditions are only optimized.
Hence, utilizing these objectives does not lead to results, which are
different from the ones obtained using energetic efficiency and
their use is beyond the scope of this work.

5.2. Design parameters and constraints

Steam to carbon ratio (S/C), anodic stoichiometric ratio (lH2
),

burner outlet temperature (TB) and fuel auxiliary to process ratio
(aux/proc) have been chosen as design parameters. Considering the
results of the sensitivity analysis that the authors had conducted in
their previous study and taking into account the corresponding
practical constraints, the range of variation of optimization pa-
rameters are considered to be:

3.5< S/C< 5.5 (19)

1.2< lH2< 2 (20)

827< TB< 1027 �C (21)

0.12< aux/proc< 0.22 (22)

Due to exothermic nature of water gas shift reaction, the inlet
temperature of the flow entering the WGS should be decreased
according to the operating range of the corresponding reaction. The
following constraint regarding the inlet temperature of WGS
reactor is considered:

T8< 337 �C (23)

To avoid formation of carbonic acid (H2CO3), the temperature
exhaust gases should not be lower than a certain level. The
following constraint imposes the minimum allowable chimney
temperature:

T17> 67 �C (24)

More details regarding the operating conditions of the CHP
plant are given in Table 2.

In LT-PEM FC plants, the cathodic flow should be extensively
humidified and a humidifier should be integrated with the cathodic
side of the stack. The humidifier in LT-PEM FC based plants results
in a notable pressure drop, which makes the power consumption of
the cathodic compressor considerable. However, in the case of HT-



Table 2
The fixed design parameters of the HT-PEMFC based CHP plant.

Operating condition Value

Ambient temperature 20 (�C)
Ambient pressure 1 (105 Pa)
Pressure of high pressure water circuit 7.8 (105 Pa)
Pressure of low pressure water circuit (bar) 2 (105 Pa)
Cathodic stoichiometric ratio 2
Current density 0.2 (A.cm�2)
Cell temperature 160 (�C)
Air compressor isentropic efficiency 82 (%)
PEM FC based units, cathodic humidification and thus the inte-
grated humidifier is not needed. Given that, the consumption of
cathodic compressor for these plants is not notable and the
considered compressor efficiency does not play a significant role in
the obtained overall performance of the plant.

5.3. Optimization method

In many engineering problems, there are different objectives,
sometimes conflicting, which should be satisfied simultaneously.
Unlike single-objective optimization problems, the result of a
multi-objective optimization problem is not a unique optimal so-
lution. The trade-off between the objectives leads to a set of non-
dominated solutions, called the Pareto front, which satisfy the
objective functions at an acceptable level without being dominated
by others. The advantage of multi-objective optimization is the
capability to optimize the system considering several conflicting
objectives simultaneously while taking into account a number of
equalities and inequalities. After obtaining the Pareto optimal so-
lutions, the decision-maker can chose the best design vector based
on the specific considered project. There are different methods to
perform multi-objective optimization and achieve the Pareto front
solutions. One of the most extensively used methods is the genetic
algorithm which imitates the laws of natural evolution to find an
optimal solution for a given optimization problem. 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 3. In genetic algorithm, a solution
vector is called a chromosome or an individual and is made of
discrete units called genes. A solution vector is used to find the
objective functions values (fitness value) and then new generations
of solutions are produced from the previous ones employing
crossover and mutation. In the crossover operation, two chromo-
somes (parents) are combined together to form new chromosomes
(offsprings). Individuals with higher fitness have more chance for
being chosen and generating offsprings. In the mutation operator,
random changes into the properties of chromosomes are applied to
help the population search to escape from local optima by intro-
ducing diversity into the population (Najafi et al., 2011). The flow-
chart in Fig. 3 demonstrates the overall procedure and various steps
of GA optimization. The population size and number of generations
are chosen through try and error considering the trade-off between
Table 3
The tuning parameters in the optimization program.

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
the error (with respect to the global optima) and the calculation
cost. The other parameters, given in Table 3, are instead chosen
based on the recommended values in the literature.

5.4. Selection of the final optimum design point

In multi-objective optimization, all of the obtained points from
the Pareto front can be chosen as the optimal design point of the
plant. However, in most of the cases, one final point should be
selected based on the importance of each objective for the decision
maker. In the present work, the criterionwhich has been taken into
consideration to select the final optimal design point amongst the
Pareto front's solutions is the primary energy saving (PES) index
calculated based on the electrical and thermal efficiency of each
point. The primary energy saving (PES) index is determined ac-
cording to the EU Directive (Directive, 2004) on cogeneration
(Conde L�azaro et al., 2006):

PES ¼ 1� 1

,"
hnet;el

hel;cogen � p
þ hth
hth;cogen

#
(25)

where the reference electrical and thermal efficiency for the
separate generation of electricity and heat are 52.5% and 90% and
the intermediate grid efficiency coefficient, p, is equal to 0.8925.

6. Results and discussion

6.1. Reformer and HT-PEM stack model validation

Considering the same geometrics and kinetic characteristics of
the real plant during the simulation, the obtained results from the
steam methane reformer and water gas shift reactor model have
been compared with the experimental ones taken from an LT-PEM
fuel cell based CHP plant (Sidera30), designed by ICI Caldaie S. p.A.
At the same operating conditions, the syngas composition at the
outlet of the reformer and the WGS reactor as well as the tem-
peratures of the syngas leaving the fuel processor and the super-
heater from the model and experimental data were analyzed. The
details regarding the validation procedure and accuracy of the
developed model have been represented in the previous work of
the authors (Najafi et al., 2015a).

The experimentally validated model developed by Bergmann
et al (Bergmann et al., 2010). has been used to verify the accuracy of
the HT-PEM model in this study. In this regard, the polarization
curves of the fuel cell obtained frommodel and the one reported by
Bergmann et al (Bergmann et al., 2010). at different CO concen-
trations have been compared. The details of the validation process
and the obtained results from the fuel cell model can be found in
the previous work of the authors (Najafi et al., 2015a).

6.2. Full load operation optimization

6.2.1. Optimization procedure I: considering thermal and electrical
outputs as objectives

The Pareto front curve obtained from the multi-objective opti-
mization of the plant, with net electrical generation and thermal
generation as objectives, is illustrated in Fig. 4. It can be observed
that an attempt to increase the thermal power output leads to a
reduction in the net electrical generation of the plant. Achieving
thermal generation up to 59 kW mildly deteriorates the electrical
output while any further rise in the thermal generation leads to
drastic loss of the electrical output. As is showed in Fig. 4, the Pareto
front curve displays two ultimate points (points A and B) where the
optimization can be seen as a single objective optimization. Point A
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Fig. 3. Flowchart of genetic algorithm technique for plant optimization.
represents the situation in which the net electrical efficiency is
most weighted, while point B is mostly weighted in favor of ther-
mal efficiency. The maximum net electrical output can be reached
at design point A (29.44 kW), while point B offers the highest value
of thermal output of 63.29 kW. The values of design parameters and
the corresponding performance-related results of points A and B
are listed in Table 4. Capability of answering a wide range of elec-
trical and thermal demand is one of the most crucial characteristics
of a CHP system, which can broaden its applications and greatly
influence its acceptance by the market. As can be seen in Fig. 4, a
wide range of electrical generation starting from 21.0 kW to
29.4 kW and thermal generation from 54.0 kW to 63.3 kW can be
supplied by the plant while, thanks to the multi-objective optimi-
zation, at each specific electrical (thermal) output, Pareto front of-
fers the highest possible thermal (electrical) generation. As can be
noticed by comparing the reported results for the two extreme
cases in Table 4, aiming at optimizing of the electrical generation
(i.e. point A), higher value of S/C and lower value of anodic stoi-
chiometric ratio have been obtained. Smaller value of anodic stoi-
chiometric ratio for point A can be justified considering the fact that
lowering the value of lH2

increases the hydrogen utilization within
the fuel cell which, subsequently, improves the electrical genera-
tion. In contrast, at higher values of anodic stoichiometric ratio, the
amount of unreacted hydrogen in the stream leaving the anodic
side of the fuel cell, which is later injected into the burner, in-
creases. Accordingly, the available thermal energy to high pressure
and low pressure water circuits in the superheater and the econ-
omizer augments which means higher thermal power generation
(point B). In order to elucidate the impact of variation in steam to
carbon ratio on the electrical and thermal generation, two coun-
teractive phenomena should be taken into account. First, an
increment in S/C causes higher reaction rate within the steam
reformer, which eventually leads to higher hydrogen production
available for electrochemical reactions. However, this gain is
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Fig. 4. Pareto front obtained from multi-objective optimization procedure I.

Table 4
Design parameters and performance indices of the system at points A and B for
optimization procedure I.

Parameter Electrical power
optimization (point A)

Thermal power
optimization (point B)

S/C 5.09 4.00
lH2 1.20 1.99
TB 1217.2 1177.9
Aux/Proc 0.220 0.218
ɳele (%) 30.20 20.47
ɳth (%) 55.37 61.70
PES 20.62 10.91
Pele (kW) 29.44 21.00
Pth (kW) 53.98 63.29
attenuated by the lower rate of reforming reactions due to the
lower temperature of the superheated steam entering the ejector at
high S/C values (i.e. high water flow rate). In the case of point A, in
order to lessen the adverse effect of high S/C, higher values of
burner outlet temperature and auxiliary to process ratio have been
selected by the GA to maximize the electrical power generation.

As mentioned earlier in Section 5.4, PES can be considered as a
way to incorporate the performance of the system in terms of
electrical and thermal efficiency into a single value. In this regard,
the values of PES calculated based on the thermal and electrical
efficiency of points A and B are represented in Table 4. As can be
noticed in the table, the PES value for point A is almost twice that of
point B; the fact which is due to the high electrical efficiency of the
system at the operating conditions of point A.
6.2.2. Optimization procedure II: considering efficiencies as
objectives

Fig. 5 depicts the Pareto optimal solutions achieved from the
multi-objective optimization of the CHP plant, considering the net
electrical efficiency and the thermal efficiency as objective func-
tions. Analogous to the conflicting relation between the electrical
and thermal generation, there is a contradictory relation between
the two objectives and as one improves, the other objective de-
teriorates. Increasing the electrical efficiency from 20% to 23% does
not affect the thermal efficiency greatly; however, further incre-
ment in the electrical efficiency results in a sharp fall in the thermal
efficiency. Two extreme cases (point A and point B) can be
considered in Fig. 5, where in each case, maximization of one of the
objective functions is the ultimate goal. Taking into account the
highest achievable electrical efficiency, point A leads to the net
electrical efficiency of 29.54%, though operating at this point brings
about the least thermal efficiency. In contrast, the design point B is
the most desirable operating point in terms of thermal efficiency
(leading to thermal efficiency of 61.13%), but it results in the lowest
net electrical efficiency.

Comparing the values of design parameters corresponding to
the Pareto front solutions, shown in Table 5, it can be concluded
that in the regions with higher thermal efficiency and lower elec-
trical efficiency, anodic stoichiometric ratio and aux/process ratio
have values close to the maximum in their domains. As mentioned
in the previous section, increasing the anodic stoichiometric ratio
decreases the amount of hydrogen utilization in the stack and, in
turn, deteriorates the electrical efficiency. In spite of this negative
effect on electrical efficiency, employing higher anodic stoichio-
metric ratios increases the heat gain in the economizer and im-
proves the thermal efficiency. Regarding the influence of aux/proc
fuel ratio, increasing this parameter leads to higher amount of
available heat within the methane reformer and consequently
higher rates of reforming reactions and electrical power output
from the stack. One should keep in mind that an increment in aux/
proc fuel ratio directly augments the total chemical energy input to
the plant (denominator of the net electrical efficiency equation (Eq.
(14))) which offsets the aforementioned improvement in the net
electrical output of the system and leads to lower electrical effi-
ciencies. The variations of design parameters for the solutions given
by the Pareto front (Fig. 5) are presented in Fig. 6. Considering the
distribution of the design parameters in their allowable domains,
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Fig. 5. Pareto front obtained from multi-objective optimization procedure II.

Table 5
The values of system design parameters of optimal points chosen considering three different criteria.

Fuel partialization Optimization Objective S/C lH2 TB Aux/Proc

Full load (Procedure II) Max PES 4.25 1.22 1233.7 0.131
Max ɳele 4.64 1.21 1235.8 0.129
Max ɳth 4.03 1.99 1194.0 0.218

90% Max PES 4.18 1.24 1240.1 0.166
Max ɳele 4.35 1.20 1251.7 0.121
Max ɳth 4.10 1.81 1213.5 0.207

80% Max PES 4.12 1.22 1238.1 0.156
Max ɳele 4.61 1.20 1262.8 0.124
Max ɳth 4.09 1.90 1219.3 0.197

70% Max PES 4.15 1.22 1247.5 0.205
Max ɳele 4.69 1.21 1256.3 0.128
Max ɳth 4.03 1.78 1179.0 0.216

60% Max PES 4.11 1.20 1254.1 0.203
Max ɳele 4.33 1.21 1263.1 0.129
Max ɳth 4.00 1.82 1223.7 0.218
anodic stoichiometric ratio and aux/proc fuel ratio have the widest
distributions. This indicates that anodic stoichiometric ratio and
aux/proc ratio play an important role in the trade-off between the
net electrical and thermal efficiency. The anodic stoichiometric
ratio can be considered as an effective tool to adjust the electrical
and thermal generation according to the load profile and/or cus-
tomer's demand. On the other hand, steam to carbon ratio and
burner outlet temperature are concentrated in a narrow range of
optimum values, which implies that they slightly contribute to the
opposing relation between the two defined objectives.

6.3. Partial load operation optimization

In the partial load operation, the mass flow rate of the fuel fed to
the plant is gradually decreased down to 60% of its initial value and
the performance of the system at different fuel partialization levels
has been monitored. Similar opposing relation between the elec-
trical and thermal efficiency in the pareto front curve, as in the case
of full load operation, can be seen in the partial load operation, as
depicted in Fig. 7. Since the fuel flow rate is changed in each
optimization curve (because of partialization) while the same fuel
processor and fuel cell geometries are employed, the performance
indices are expected to vary correspondingly. As demonstrated in
Fig. 7, fuel partialization results in a downward and rightward shift
of the Pareto front curve to the regions with higher electrical effi-
ciency and lower thermal efficiency. The growth in the net elec-
trical efficiency can be explained by taking into account the
improvement in the reforming reactions within the steam reformer
and the diminution in voltage losses within the stack owing to the
partialization. At partial load operation, less hydrogen enters the
stack and to have the same anodic stoichiometric ratio, the current
imposed to the stack should be decreased, which brings about a
reduction in the current density. Operation at lower current den-
sities, as can be inferred from the cell's polarization curve, causes
lower voltage losses and enhances the cell voltage and electrical
efficiency. In order to justify the descending trend of thermal effi-
ciency with fuel partialization, one should consider the effect of
partialization on waste heat produced within the stack. Owing to
the partialization, as explained before, the current density de-
creases which in turn leads to a considerable reduction in the
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Fig. 7. Pareto front from multi-objective optimization of the plant at different fuel
partialization levels.
voltage losses and the generated heat in the fuel cell per specific
amount of provided fuel. It is noteworthy that exploiting the par-
tialization strategy leads to a wide range of electrical and thermal
efficiency of 20.7%e33.3% and 49%e61%.

In order to find the final optimum point based on the primary
energy saving for each Pareto front curve at different fuel partiali-
zation levels, for each point presented in Fig. 7, PES value is calcu-
lated and the point with the highest value of PES has been
considered as the most efficient operation point for the plant at
each partialization level. The design parameters of the two ultimate
points (highest net electrical efficiency and highest thermal effi-
ciency) and the best design point based on PES at different levels of
partialization are represented in Table 5. Additionally, the
performance-related results of the CHP plant at the two extreme
cases and the point selected based on the PES value are reported in
Table 6. As the fuel partialization proceeds, due to the considerable
improvement in the electrical efficiency, PES continues to augment,
which means more efficient operation of the combined heat and
power system. In the previous work of the authors (Najafi et al.,
2015b), the values of net electrical efficiency at design operating
conditions and different partialization levels have been reported.
By comparing these results with the corresponding values for the
highest net electrical efficiency from optimization (Table 6), up to
1% growth can be seen which could emphasize the importance of
the optimization procedure.> Properties of the main nodes of the
system, while operating at the optimal point which leads to the
maximum electrical efficiency under full load operation, is
demonstrated in Table 7. Similarly, Table 8 includes properties of
the main nodes, while operating at the optimal point with the
maximum electrical efficiency under 60% partial load.

7. Conclusion

In the present work, a multi-objective optimization procedure
has been performed on an HT-PEM fuel cell based micro cogene-
ration plant to find the optimal solutions while considering the
electrical and thermal efficiency as the objectives. The system
consists of an HT-PEM fuel cell, methane reformer, water gas shift
reactor and balance of plant. The multi-objective optimization has
been conducted employing MATLAB optimization toolbox using
genetic algorithm (GA) method. Anodic stoichiometric ratio, steam
to carbon ratio, burner outlet temperature, and aux/proc fuel ratio
have been chosen as design parameters. The Pareto front curves
have been obtained for full load operation and operation at
different levels of fuel partialization to locate the optimal operating
conditions that can answer specific thermal and electrical load



Table 6
The performance indices of optimal points chosen considering three different criteria.

Fuel partialization Optimization Objective ɳele (%) ɳth (%) PES Pele(kW) Pth (kW)

Full load (Procedure II) Max PES 29.28 54.56 18.79 27.87 51.93
Max ɳele 29.54 53.0 17.98 28.05 50.23
Max ɳth 20.69 61.13 10.78 21.21 62.67

90% Max PES 29.39 54.95 19.21 25.95 48.52
Max ɳele 30.53 52.05 18.69 25.91 44.17
Max ɳth 22.68 60.15 13.22 21.28 56.90

80% Max PES 30.86 53.35 20.09 23.87 41.84
Max ɳele 31.57 50.89 19.29 23.74 38.31
Max ɳth 23.15 59.37 13.32 18.65 48.01

70% Max PES 30.81 53.45 20.09 21.85 37.91
Max ɳele 32.28 50.32 19.88 22.18 34.91
Max ɳth 23.88 58.22 13.54 17.09 42.18

60% Max PES 32.02 52.42 21.01 19.45 31.85
Max ɳele 33.33 49.19 20.50 18.99 28.04
Max ɳth 24.69 57.44 14.17 15.18 35.94

Table 7
Properties of the main nodes of the CHP system with the maximum electrical efficiency under full load operation (S/C¼ 4.64, aux/proc¼ 0.129, TB¼ 963 �C, and lH2

¼ 1.21).

Node Temperature (�C) Flow rate (mol/s) Composition (mole fraction)

H2O CH4 H2 CO CO2 N2 O2

5 434 0.601 82.30 17.40 0.00 0.00 0.00 0.30 0.00
6 963 1.431 13.24 0.00 0.00 0.22 8.04 67.72 10.77
7 577 0.762 46.09 3.20 39.93 2.30 8.25 0.22 0.00
8 320 0.762 46.09 3.20 39.93 2.30 8.25 0.22 0.00
9 342 0.762 44.21 3.20 41.81 0.42 10.13 0.22 0.00
13 179 0.516 17.62 4.73 61.74 0.62 14.96 0.33 0.00
14 161 0.218 26.93 11.19 25.00 1.47 35.41 0.00 0.00
15 605 1.431 13.24 0.00 0.00 0.22 8.04 67.72 10.77
34 90 1.260 0.00 0.00 0.00 0.00 0.00 79.10 20.90
35 161 1.424 20.83 0.00 0.00 0.00 0.00 69.97 9.20

Table 8
Properties of the main nodes of the CHP system with the maximum electrical efficiency under 60% partial load (S/C¼ 4.33, aux/proc¼ 0.129, TB¼ 990 �C, and lH2

¼ 1.21).

Node Temperature (�C) Flow rate (mol/s) Composition (mole fraction)

H2O CH4 H2 CO CO2 N2 O2

5 438 0.341 81.25 18.46 0.00 0.00 0.00 0.29 0.00
6 990 0.793 12.59 0.00 0.00 0.33 8.70 67.81 10.57
7 589 0.440 43.23 3.02 42.25 2.84 8.43 0.23 0.00
8 324 0.440 43.23 3.02 42.25 2.84 8.43 0.23 0.00
9 350 0.440 40.95 3.02 44.52 0.57 10.70 0.23 0.00
13 184 0.282 7.81 4.72 69.52 0.89 16.71 0.35 0.00
14 160 0.121 19.50 10.87 27.97 2.16 39.50 0.00 0.00
15 604 0.793 12.59 0.00 0.00 0.33 8.70 67.81 10.57
34 90 0.775 0.00 0.00 0.00 0.00 0.00 79.10 20.90
35 160 0.855 18.87 0.00 0.00 0.00 0.00 71.69 9.44
profiles. By optimizing the system at full load condition, while
considering the electrical efficiency as the only objective, the net
electrical efficiency of 29.5% was obtained. The optimal net elec-
trical efficiency of 33.3% was also obtained at 60% partial load;
which is 1% more than the efficiency that could be obtained using
normal operation conditions. Optimizing the system at different
partialization level resulted in optimal points with a wide range of
electrical (20.7%e33.3%) and thermal efficiencies (49%e61%). Based
on the primary energy saving index, the best operating points, in
terms of electrical and thermal efficiency, have been found for the
full load and each partial load operation. PES value increases
steadily with fuel partialization starting from 18.8% at full load
operation to 21% at 60% fuel partialization. The ultimate aim of this
study was enabling the user to run the system at the best operating
conditions at which the plant works in the most efficient way in
terms of electrical and thermal efficiency while catering a specific
thermal and electrical load.
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