Long-term economic analysis and optimization of an HT-PEM
fuel cell based micro combined heat and power plant
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Multi-objective optimization method using genetic algorithm is employed in order to optimize design and operating parameters of a high
temperature proton exchange membrane (HT-PEM) fuel cell based combined heat and power system. Net electrical efficiency of the plant,
indicating the system’s perfor-mance (to be maximized) and the total capital cost (to be minimized) are considered as optimization objectives.
Current density (indicating the stack size), steam to carbon ratio, burner outlet temperature and auxiliary to process fuel ratio have been
chosen as design parameters. Two different multi-objective optimization approaches have been utilized: steady state (without degradation)
and long-term optimization while considering the degradation in fuel cell stack and the fuel processor. The results of the optimization
procedures are Pareto frontiers which are a set of optimal points each of which is a trade-off between the considered objective functions. The
performance indexes and operating condi-tions of three points with the maximum cumulative net electrical efficiency, minimum capital cost,
and the same fuel cell area as that of the initial design are compared. It can be observed that while attempt-ing to maximize the electrical
efficiency, the cumulative net electrical efficiency of 29.96% can be achieved although it results in a total capital cost of 115711 €. On the other
hand, the capital cost can be reduced down to 39,929 € which significantly diminishes cumulative net electrical efficiency. Finally, by locat-ing
the point on the Pareto frontier in which the fuel cell area is the same as that of the initial design, a cumulative net electrical efficiency of
27.07% was achieved which is 1% higher than the value obtained using the operating conditions of the initial design.
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HIGHLIGHTS

® Multi-objective optimization is utilized to optimize an HT-PEM fuel cell based CHP plant.
® Net electrical efficiency and total capital cost are considered as optimization objectives.

® A set of optimal points each of which is a trade-off between the objectives is obtained.

® The effect of degradation on the performance of the system is taken into account.

1. Introduction

Owing to climate change due to greenhouse-gas (GHG) emis-
sions, inevitable depression of fossil fuels sources and increasingly
stringent environmental rules, searching for novel power produc-
tion technologies based on more efficient and environment-
friendly operation can be crucial in near future [1,2]. In the
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mentioned context, the applications of fuel cells are widespread and
encompass large scale stationary power generation in the range of
MW to distributed combined heat and power (CHP) and portable
power. Moreover, fuel cells benefit from many technological ad-
vances including: high conversion efficiency, low emission of
pollutants, quiet operation, and the ability to offer electricity and
heat simultaneously [3].

Micro-combined heat and power systems (micro-CHP) powered
by fuel cells can be used to abate CO, emissions and supply the do-
mestic energy demand which accounts for a large portion of the
total energy consumption and is generally provided by grid elec-
tricity and gas fired boilers [4]. On the other hand, in order to follow
the concept of distributed generation (DG), stand-alone units based
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on CHP technology can be employed for electrification in remote
areas with limited access to the electricity grid. Micro-CHP units
can work in parallel with the traditional systems and cover the base
demand while grid connection and gas boiler answer the remain-
ing. CHP systems can achieve efficiencies up to 85-90% (combined
electrical and thermal efficiency), which is much higher in com-
parison with the efficiency of the conventional systems generating
electricity and heat separately [5].

PEM is the most developed fuel cell technology which is em-
ployed in 90% of fuel cell CHP. Thanks to the extensive research
conducted in the last decade, today not only have higher efficien-
cy and durability is obtained employing this technology but also
its corresponding cost has fallen considerably [6,7]. The low tem-
perature PEM (LT-PEM) fuel cell is the most well-known type of PEM
fuel cells which operates at low temperatures (around 80 °C) using
a Nafion-based membrane and precious metals loaded electrodes.
Several research works have been focused on the application of LT-
PEM fuel cells for cogeneration and trigeneration purposes. Ferguson
and Ugursal [8] developed a steady state model of a PEM cogen-
eration fuel cell system to estimating system fuel use, electrical and
thermal production, and fuel cell systems sizing. In another study,
Radulescu et al. [9] conducted a theoretical and experimental study
on different CHP plants based on LT-PEM fuel cell. Modeling and op-
timization of a micro-cogenerator based on PEM fuel cell was
performed by Hubert et al. [10] while considering decrease in natural
gas consumption, increase in heat recovery and improve in the water
balance as the objectives. ElI-Sharkh et al. [11] developed a math-
ematical model in order to locate optimal power output from a PEM
fuel cell based power plant.

Nonetheless, LT-PEM fuel cell technology still suffers from some
shortcomings which drive researchers to search for solutions. In this
regard, one of the most effective options is the operation of the PEM
fuel cell at higher temperatures (around 160 °C), the so called HT-
PEM fuel cell, which directly affects the stack design and balance
of plant (BOP) components that are used for CHP plant. A number
of advantages can be attributed to operation at elevated tempera-
ture including: simpler water management, lower pressure drop
along the channel, cheaper fuel processor given HT-PEMFC stack
higher CO tolerance, and simplification of the heat recovery system
[12]. A few articles have been fully focused on studying the viabil-
ity of implementation HT-PEM fuel cells in cogeneration systems.
In this context, Arsalis et al. [13] modeled a micro CHP system based
on HT-PEM fuel cell stack to cater electricity and thermal demand
of a Danish single family household. In this study, a sensitivity anal-
ysis has been performed on steam-to-carbon ratio, fuel cell operating
temperature, combustor temperature, and hydrogen stoichiom-
etry to investigate their influence on the overall performance of the
system. Jannelli et al. [14] compared the performance of three PEM
fuel cell based cogeneration plants operating at different temper-
ature levels (67 °C, 160 °C, and 180 °C), and the obtained results
suggested that the system based on the HT-PEM fuel cell can achieve
electrical efficiencies as high as 40%. In another research study,
Zuliani et al. [12] simulated a micro cogeneration system based on
a 1 kWel HT-PEM fuel cell using Aspen Plus software and stated that
the system can reach the same electrical efficiency as LT-PEM based
plant while allowing a simpler balance of plant.

Degradation is one of the main issues concerning the employ-
ment of fuel cells in long term which leads to severe voltage drop
within the cell and eventually power output plummet. In this regard,
degradation’s effect on the performance of the fuel cell based CHP
plant should be incorporated in the technical and economic evalu-
ations of the system throughout its lifetime [15]. According to a long-
term experimental analysis of an HT-PEM based micro-CHP
performed by Mocoteguy et al. [16], in the first 500 hours of op-
eration there is no significant drop in stack power output while
starting from the 658 hours of cumulated operation the electrical

efficiency decreased from 30.6% to 28.3%. In another study con-
ducted by the authors [15], two operational strategies were proposed
in order to alleviate the adverse influence of degradation on the long
term performance of a fuel cell CHP system.

Economic analysis is an inseparable part of a comprehensive as-
sessment for an energy system which provides the decision maker
a clearer understanding of the commercialization capability of a novel
system [17-19]. Guizzi et al. [20] investigated the economic and en-
ergetic performance of a cogeneration system based on a PEM fuel
cell with net electrical and thermal efficiency of 41.93% and 64.16%,
respectively, at rated conditions. Hawkes et al. [21] have proposed
a model to identify the minimum costs required to meet a given
energy demand using a solid oxide fuel cell based CHP. The optimal
installed stack capacity under several decision variables such as the
stack maximum electrical output capacity and natural gas con-
sumption by the supplementary boiler was then specified. Bianchi
et al. [22] proposed a technique for selecting and sizing CHP tech-
nologies as well as thermal storage systems based on economic
objectives while considering environmental and operational
parameters.

In spite of the vast and instructive research in the area of PEM
fuel cell based residential CHP systems, there has been a lack of a
detailed research in which, considering the long term perfor-
mance of the unit, the economic aspect of the system is optimized.
Motivated by the aforementioned research gap, this paper intro-
duces an approach for the simultaneous optimization of system
performance and plant cost while taking into account the degra-
dation within the core components of the system throughout its
lifetime. To do so, in the first step, detailed mathematical models
of the components of the plant have been developed in the MATLAB
environment, which are validated with experimental results. Two
multi-objective optimization approaches have been used: steady
state (without degradation) and long-term optimization with con-
sideration of degradation during operation. Exploiting the developed
models along with the degradation patterns of the fuel cell and
stream methane reformer, multi-objective optimization has been
performed on the system considering the plant cost and long-
term electrical efficiency as competing objectives which should be
minimized and maximized, respectively. Next, the performance
indexes of three optimal points including the ones resulting to the
highest possible cumulative electrical efficiency, the minimum pos-
sible capital cost, and an optimal point with the same stack area
as the one of initial design are compared. Finally, the resulting
lifecycle cost of the mentioned optimal points is investigated to have
a better evaluation of the plant’s economic aspect.

2. Plant description

The configuration of the HT-PEM fuel cell based CHP plant is dem-
onstrated in Fig. 1. The operation principle of the system can be
explained as follows: Natural gas is divided into two fuel streams;
main one is first desulfurized and then introduced into the SMR
reactor and the other stream is fed to the burner as the auxiliary
fuel. On the other hand, water is pumped into the steam genera-
tor, where it is superheated with the hot gases exiting the SMR
reactor. Superheated steam and the desulfurized natural gas are then
mixed in the ejector and the mixture is fed to the SMR reactor. The
required heat for endothermic reactions within the reformer is pro-
vided by the burner where anodic outlet stream which contains
unreacted hydrogen and methane is burned with air and auxiliary
fuel. The desirable temperature at the burner outlet can be achieved
by regulating the amount of air blown into the burner. Through the
steam reforming reactions, methane and water are converted into
a gaseous mixture of H,, CO, CO, and unreacted H,O and CH. Prior
to the WGS reactor, a heat exchanger is employed to reduce the tem-
perature of the WGS inlet stream, considering the exothermic nature
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Fig. 1. Configuration of the proposed HT-PEMFC based CHP plant.

of WGS reaction, and preheat the water before the superheater. The
produced cooled down hydrogen-rich syngas then enters the WGS
reactor where carbon monoxide level is reduced into tolerable levels
for the HTPEM fuel cell material, and more hydrogen is generated
due to the WGS reaction. Before entering the anodic side of the fuel
cell, the water content of the syngas (stream 11) is lowered using
a water knock-out (WKO). In the fuel cell stack, hydrogen and oxygen
participate in the electrochemical reactions and generate electric-
ity, heat, and water. The waste heat produced by the electrochemical
reaction is extracted by an oil circulation system and provided to

Thermal User 1. The additional heat demand is answered by the low-
pressure water circuit which extracts thermal energy from the plant
using the economizers and releases it to Thermal User 2. It should
be mentioned that the system is considered connected to a grid
network to import/export electricity in case there is a mismatch
between the production and consumption. Moreover, an external
boiler is implemented to cover the surplus heat demand in some
periods of the year. A schematic representation of the system in-
teraction with the electricity grid, external boiler and the electricity
and heat consumer is illustrated in Fig. 2.
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Fig. 2. Schematic representation of the proposed system in connection with grid, external thermal source, and consumer.



3. Model description
3.1. Fuel processor

3.1.1. Steam methane reformer

In the present study, in order to provide the required hydrogen
for electrochemical reaction, a steam methane reformer (SMR) has
been utilized. A 1D steady state and non-isothermal plug flow reactor
has been utilized to model the SMR reactor. In order to model the
corresponding reaction kinetics, the model proposed by Xu and
Froment [23] has been employed. The experimental data provid-
ed by the industrial partner, ICI Caldaie S.p.A, is next employed to
validate the developed model. The tube side stream which under-
goes the reactions and the shell side combustion gases, providing
the required heat for endothermic reactions, are simultaneously
simulated. Owing to the confidentiality of the manufacturer’s data,
the catalyst structure and composition are not reported. The main
reactions occurring within the steam reformer are listed below:

CH4+H20<:>CO+3H2 AHZQSK :+206k]/m01 (])
CO+H20<:>COZ +H2 AH298K2—41k]/mOI (2)
CH, +2H,0 < CO, + 4H, AHsgsc = +165 k] /mol (3)

Xu and Froment [23] proposed a general model for methane
steam reforming in which the water-gas shift reaction and the steam
reforming reactions take place in parallel. The kinetic coefficients
and the considered assumptions of the model can be found in [23].

3.1.2. Water gas shift reactor

Employing water gas shift reactor leads to both hydrogen yield
enhancement and carbon oxide content reduction each of which
results in higher electrical efficiency. The kinetic model developed
by Keiksi et al. [24] for high temperature WGS has been utilized. It
is worth mentioning that the heat exchanger located upstream of
to the WGS reactor reduces the temperature of the syngas to a
desired level for WGS reaction. The WGS reaction’s equilibrium con-
stant can be determined through the following relation [25]:

M41.0316)

Kp:e( T (4)

The kinetic equation, proposed by Keiksi et al. [24], is as follows:

E,
tucs =o.exp( e (1= B) e PE (5)
where E, =95000 kJ/mol is the activation energy, R =8.314 J/(K.mol),
In (ko) = 26.1 is pre-exponential factor, and f is the reversibility factor
calculated by:

_ 1 Po,Puy

= (6)
Kp PooPuyo

3.2. HT-PEM fuel cell stack

Aside from the MEA, the HT-PEM fuel cell stack also includes a
pre-heater and the oil cooling circuit. The reactants, before enter-
ing the MEA, go through the pre-heater in which they reach the stack
temperature by exchanging heat with the circulating oil. In the MEA,
as a result of the electrochemical reaction, hydrogen and oxygen
are consumed while water and electricity are produced. The MEA
is made up of three main parts including the cathodic and anodic
channels, the gas diffusion layer (GDL) and the anodic and cathod-
ic electrodes. The reactants pass through the GDL to reach the catalyst

layer where they undergo the electrochemical reaction. The
polybenzimidazole (PBI) membrane separates the cathodic and
anodic electrodes. The geometrics of the stack are as follows: the
length, height, and number of channels are 76.25 cm, 0.2 cm, and
38 respectively, and the cell width is 7.6 cm.

A quasi 2D approach is employed to model the MEA domain. Ac-
cordingly, the integration is carried out in two coordinates: along
the channel and along the thickness of the MEA. Owing to the elec-
trochemical reaction taking place through the channel, hydrogen
and oxygen are gradually consumed while water is consequently
generated. Mass conservation is employed in order to find the con-
centration profiles of the species.

The current density is calculated employing the following equa-
tion:

V =Ep —Noum —Mc = Na (7)
Psmck = VceHI smckN (8)

where V is the single cell voltage, Ej, is the ideal voltage by Nernst
equation, mMouy is the ohmic loss, and nc and n, are the cathode
and anode activation losses, respectively. Ej, (Ideal voltage) is de-
termined as a function of temperature from the Gibbs free energy
formation data.

The Ohmic loss determined by summing up the bipolar plates,
GDLs, and the electrolyte resistances while assuming that it follows
the Ohm’s law. The electrolyte conductivity is also presumed to
follows the Arrhenius law and it is taken from [26]. The electr-
olyte’s proton conductivity is employed to determine its Ohmic loss:

i0,
ohm = — 9
Mot O PBIjH3PO0,4 (T) )
where
o E,
Opaiupo, (T) = TEXP[—EJ (10)

In order to simulate the mass transport within the GDL, Stefan-
Maxwell law [27] is employed. The cathodic electrode’s activation
losses are assumed to follow the Tafel Law, first order with respect
to oxygen concentration [28]:

ncsb~log(iij+b-log[ Cry ] (11)

Ozl

where i is the reference exchange current density following an
Arrhenius like behavior and b, the Tafel slope, is calculated em-
ploying using the following relation:

b=RT/(acF). (12)

Carbon monoxide poisoning can have a considerable influence
on the cell voltage and subsequently the performance of the fuel
cell; accordingly, the corresponding effect has been considered. The
carbon monoxide and hydrogen oxidation currents are calculated
employing using Butler-Volmer equation [29] :

iHZ Ei*yyz'l?y ZSlnh(Z—A) (13)
A

ico =i-co - Peo ~251nh(2—"j (14)
A

i=ico +iy, (15)

in addition, sum of the coverage of all the species is equal to 1;
accordingly:
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Phosphoric acid’s coverage ( ¥u,po,_) is found from the data given
by [30]. The Frumkin adsorption for carbon monoxide and the
Langmuir adsorption for hydrogen, while assuming the adsorp-
tion equilibrium, are utilized to determine the carbon monoxide and
the hydrogen coverage ( ¥c and ¥y ). The parameters employed while
developing HT-PEM fuel cell stack model can be found in the pre-
vious article of the authors [31].

4. System optimization
4.1. Definition of objective functions

In this study, two different optimization approaches have been
introduced based on steady state operation of the plant and the long-
term one which takes into account the degradation within the main
components. In the first procedure (Optimization procedure I), the
net electrical efficiency and the capital cost of the plant are defined
as objective functions while considering two different levels of fuel
partialization to cover a broader range of generated thermal and
electrical power. In the second approach (Optimization procedure
IT), the cumulative net electrical efficiency and the plant capital cost
are considered as the objective functions as the system is investi-
gated for the first 15,000 hours of its operation given the degradation
in SMR and fuel cell. It is worth mentioning that the inlet fuel flow
rate fed to the plant is changing in the optimization process due
to the variation of the auxiliary to process fuel ratio, though the
process fuel fed to the SMR is kept constant.

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

_ P el,net
Thet.el =

— (17)
MerginLHV e,

where the net power output (P,,.) is the power produced by the
fuel cell stack after subtracting losses and auxiliaries.
The cumulative net electrical efficiency is similarly defined as:

6
z Ati-Pnet,el,i
Neum,net el = 6':1— (1 8)
Y Atitity iniLHVe,

i=1

The 15,000 hours of operation is divided into six time periods
considering the degradation trends for SMR and the stack. In each
time interval, the mean degradation value of that period has been
used for P, and my,;, calculation and in the optimization process
and the obtained results are representatives of the entire period.

The presented economic analysis takes into account the total
capital cost of the plant which constitutes of the capital cost of each
component in the plant. The cost for fuel processor and balance of
plant have been calculated based on a cost estimation suggested
in Ref. [32] and the values are 335 $/kW and 297 $/kW, respective-
ly. In order to estimate the cost of the fuel cell stack, the values
reported by Arsalis [33] and the industrial partner has been used
which is 0.24 $/cm? for the HT-PEM fuel cell. It should be men-
tioned that in each level of fuel partialization, the size of fuel
processing system and BOP are fixed and only the fuel cell stack
design varies based on the design parameters.

4.2. Design parameters and constraints

Current density (i), steam to carbon ratio (S/C), burner outlet tem-
perature (Tg), and fuel auxiliary to process ratio (aux/proc) were

Table 1
List of constraints for system optimization and the range of variation of design pa-
rameters [15,34].

Constraint Reason

Minimum and maximum values of steam to
carbon ratio

Minimum and maximum values of cell current
density

Minimum and maximum values of burner
outlet temperature

3.5<S/C<5.5
1000 < iy < 4000 A2

1100 <Tp < 1300 K

0.12 < Aux/Proc < 0.22 Minimum and maximum values of auxiliary to
process fuel ratio

Tg<610K Due to exothermic nature of WGS reaction

Ti7>340K To avoid formation of carbonic acid (H2COs3) in

exhaust gases

selected as the design parameters. A number of constraints and
ranges for design parameters have been respected during the op-
timization procedure in order to certify the technical feasibility of
the optimization results. The selected design parameters and their
range of variation along with the corresponding constraints are listed
in Table 1.

4.3. Optimization method

Multi-objective optimization is an effective approach to deal with
many engineering problems which require simultaneous optimi-
zation (i.e. minimizing or maximizing) of more than one objective
function while complying a number of equalities and inequalities.
Expectedly, the obtained result for a multi-objective optimization
problem, unlike single-objective optimization problems, is not a
unique point since no single solution can satisfy the conflicting ob-
jectives at the same time without sacrificing one of the objectives.
As a result, in multi-objective optimization the goal is to find a set
of solutions which satisfy the objective functions at a satisfactory
level without being dominated by other solutions. After obtaining
the set of solutions, called the Pareto front, based on the specific
application one can decide which design set is the most suitable.
In the present study, the genetic algorithm (GA) technique was uti-
lized to optimize the aforementioned objective functions by variation
in the design parameters and locating the best solutions. The details
of the employed optimization method as well as the mechanism
of selecting design parameters in order to reach the final set of so-
lutions can be found in the literature [34,35]. The multi-objective
GA implemented in MATLAB optimization toolbox has been em-
ployed in the present work for 200 generations, considering
population size of 300 individuals, cross over probability of 0.9 and
gene mutation probability of 0.01.

4.4. Lifecycle cost definition

In order to put together the two competing objectives in a single
criterion, the lifecycle cost of the plant during the period of oper-
ation has been determined which constitutes the income from
electricity and heat sell and operating and investment cost. The
plant is considered to be grid-interconnected; so importing the
electricity from the grid in peak load and exporting it to the grid
in periods with low demand is possible. The operating cost is cal-
culated based on the fuel unit cost and the fuel consumption while
the investment cost is the sum of capital costs of all the compo-
nents at the beginning of the operation as explained in section
4.1. To calculate the lifecycle cost, the following correlation has
been employed:

LCC = Zplanr I+ Cy -mf L—Ce -Eele,toml —Cin -Eth,total (19)
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Fig. 3. Pareto front obtained from multi-objective optimization procedure I in full and partial load.

Zyane 1S the capital cost per unit of time and is calculated based on
the capital recovery factor considering the interest rate of 1.14% in
Italy and maintenance factor of 1.08 for six years of operation [35].
The overall capital cost is the sum of the cost of components given
in the section 4.1. The unit cost of fuel (¢;) is considered 46 c€/m?
with reference to Italian market and the selling price of electricity
(Cele) and heat (cw,) are 4.72 c€/MJ and 1.47c€/M], respectively [20].

It should be mentioned that the income of providing heat by the
CHP system is calculated based on a comparison with a natural gas
boiler producing the same amount of energy. It is also noteworthy
that the income for produced electricity and heat are determined
based on the total energy production in 15,000 hours and the cost
per unit of energy for electricity and heat.

5. Results and discussion
5.1. Reformer and HT-PEM stack model validation

The kinetic characteristics and geometric parameters of the water
gas shift and steam methane reformer reactors are the same as the
ones of an LT-PEM fuel cell based CHP plant (Sidera30), designed
and tested by the industrial partner (ICI Caldaie S.p.A.). Therefore,
the validation of the fuel processor system model has been per-
formed using the syngas composition at the outlet of the reformer
and WGS reactor and the temperature of the syngas leaving the fuel
processor reactors and the superheater outlet temperature.

Validation of the HT-PEM fuel cell model has been done by com-
paring the polarization curves of the fuel cell obtained from the
simulation and the experimental data given by Bergmann et al. [30],
at different temperatures (130-160 °C) and CO concentrations in the
anode inlet stream. The comparison between the polarization curves
from the present work and the literature shows a subtle differ-
ence which verifies the accuracy of the developed model for
investigating the behavior of the HT-PEM fuel cell. Details of the fuel
processor and fuel cell model validation were given in the previ-
ous work of the authors [15,31].

The data related to degradation within the steam reformer and
the fuel cell stack through time have been reported in the previ-
ous work of the authors [31,36] and Kim et al. [37]. Given the similar
characteristics of the fuel cell employed in the present work and

the one studied by Kim et al. [37], the model proposed by Kim et
al. [37] has been employed in the present study to predict the deg-
radation within the HT-PEMFC stack.

5.2. Steady state operation optimization

As the first analysis, the steady state optimization of the plant
at the beginning of operation (time = 0) has been investigated for
full load operation and 50% fuel partialization. The central reason
for having two levels of fuel partialization is to provide a broader
range of operation and design which in turn enables the customer
to choose the most suitable system for a specific application based
on investment cost and performance indexes. For each solution
vector selected by the genetic algorithm, an iterative procedure
has been applied with guess values for anodic outlet stream and
the superheated steam temperature to find the converged results
of the performance of the system and the plant capital cost. Uti-
lizing the developed component models, the composition, mass
flow rate and the temperature at each point of the plant are cal-
culated and the determined values of anodic outlet stream’s
composition and the superheated water temperature are com-
pared with the guess values. The iteration continues until the
differences between the guessed and calculated value are less than
the assumed tolerance.

Fig. 3 exhibits the Pareto frontier obtained from the multi-
objective optimization on the HT-PEM fuel cell based CHP plant using
genetic algorithm method. This figure clearly points out the com-
peting relation between the economic objective (plant’s capital cost)
and the thermodynamic one (net electrical efficiency). As the net
electrical efficiency enhances, the total capital cost of the plant rises
which sets a constraint on steady growth in electrical efficiency. As
it can be seen in the figure, the optimization results offer a wide
range of investment cost starting from 20,000 € up to 120,000 €.
A major portion of the capital cost is related to the high cost of HT-
PEM fuel cell considering the fact that it is a new technology and
until mass production and commercialization, HT-PEM fuel cell CHP
suffers from substantial economic disadvantage compared to con-
ventional energy production systems. On the other hand, given
different combinations of design parameters selected by genetic al-
gorithm, net electrical efficiency varies between 22% and 34%.



Table 2

Design parameters and performance indexes of the system for extreme cases at different partialization levels (optimization proce-

dure I).
Parameter Full load operation 50% fuel partialization
Extreme in Extreme in favor Extreme in Extreme in favor
favor of neje of capital cost favor of nele of capital cost
S/C 4.49 4,01 4.51 4,78
i(A.m2) 1005 4000 1037 3990
Ts 12213 1180.1 12251 1208.2
Aux/Proc 0.134 0.120 0.151 0.216
nele (%) 32.89 2218 33.81 2417
neh (%) 50.81 61.34 48.06 57.58
nsys (%) 83.70 83.52 81.87 81.57
Pele (kW) 3137 20.89 16.38 12.47
Pun (KW) 48.47 57.77 23.26 29.45
Stack cost 102,328 24,142 65,451 14,030
Fuel processor cost 8831 8831 4450 4450
BOP cost 8100 8100 4150 4150
TCC (€) 119,260 41,074 740,51 22630

The extreme cases which can be noticed in Fig. 3 are the high-
lighted end points on the curves in which thermodynamic objective
(net electrical efficiency) is most weighted (upper left corner) and
on the other end, economic objective (total capital cost) is most
weighted (bottom right corner). The values of design parameters
as well as the performance indexes corresponding to these points
are given in Table 2. It should be mentioned that partialization of
the fuel not only leads to lower capital cost for the plant, but also
brings about lower operating cost which is mainly due to the natural
gas consumption. Furthermore, as can be noticed in the table, the
share of HT-PEM fuel cell’s cost in the total capital cost is consid-
erable which stems from the fact that unlike BOP components and
fuel processor system (SMR and WGS reactors), HT-PEM fuel cell
is still in the research and development stage. As a consequence,
until complete commercialization, the capital cost of HT-PEMFC CHP
is considerably higher than the conventional energy production units.

By monitoring the variations of design parameters for the optimal
points on the Pareto frontier curve, two conclusions can be drawn.
First, the ranges of variation of steam to carbon ratio, burner outlet
temperature, and fuel auxiliary to process ratio are narrow which
suggest that for optimization, one may choose any value in these
optimum ranges without sacrificing any of the objective func-
tions. Second, current density is the most influential design
parameter which in fact plays the key role in obtaining the trade-
off between the two objective functions. On one hand, increasing
the current density results in smaller required area for the fuel cell
stack which in turn decreases the capital cost, but on the other hand,
higher current density means higher voltage losses (based on po-
larization curve) within the stack which deteriorates the net electrical
output and subsequently net electrical efficiency. The distribution
of current density for the solutions given by the Pareto front at full
load is presented in Fig. 4.

5.3. Long-term optimization

The second optimization procedure has been focused on the op-
eration of the system in long-term while bearing in mind the
economic aspect of the plant. In this regard, the optimization has
been carried out for the first 15,000 hours of operation of the system
considering the degradation within the fuel cell and reformer and
its effect on the cumulative net electrical efficiency and capital cost
of the plant. It should be pointed out that the system is assumed
to only be employed during the cold seasons in Italy in which, based
on demand, system can provide both electricity and heat and there
is no need to discard the generated thermal energy in the plant.

Fig. 5 shows the obtained Pareto frontier curve for the long-
term optimization of the HT-PEM fuel cell CHP with cumulative net
electrical efficiency and total capital cost as objectives. The con-
flicting relation between the economic and thermodynamic
objectives can be clearly seen in this figure; so, as the efficiency im-
proves, the capital cost increases. Each of the represented points
in the Pareto front curve can be recognized as the optimum achiev-
able cumulative net electrical efficiency for that specific capital cost.
As a result, based on the decision maker budget or the target elec-
trical efficiency for the 15,000 hours of operation, any point can be
selected from the Pareto solutions guaranteeing the best combi-
nation of cost and efficiency.

Fig. 6 depicts the variation of design parameters for the given
solutions in the long-term Pareto front (Fig. 5). As it can be easily
noticed, all the parameters except current density are restricted to
a narrow optimum range for all the Pareto solutions while the current
density sweeps its whole operating range and is the main origin of
the obtained Pareto curve. Increasing the current density on the one
hand leads to lower electrical efficiencies due to higher voltage losses
(according to the polarization curve) but on the other hand, higher
current density causes lower required fuel cell active area which
means lower capital cost for stack.

Three optimal points including the one with maximum possi-
ble cumulative net electrical efficiency (point A), minimum possible
capital cost (point B), and the point with the same employed fuel
cell area as that of the initial design (point C) have been selected
on the Pareto curve for further investigation (as showed in Fig. 5).
The performance indexes of the system at selected optimal points
in each time interval are summarized in Table 3. Due to the fact that
the fuel fed to the system is kept constant, in each set of operat-
ing parameters for 15,000 hours, the trends of electrical and thermal
efficiency correspond to the generated electrical power and thermal
output variation, respectively. As can be noticed, electrical gener-
ation experiences a descending trend throughout the operational
life of the system while thermal output augments with time. The
observed downward trend in the electrical generation values in the
first few thousand hours of operation can be attributed to the severe
degradation in the SMR, while at the end of the investigated period
degradation of the stack is more considerable. Regarding the be-
havior of thermal output, as can be seen in Table 3, its growth stems
from two different sources. First of all, the waste heat produced in
the fuel cell increases with time due to degradation which leads to
higher voltage losses within the stack. Second, SMR catalyst deg-
radation hinders the endothermic reforming reaction which causes
higher outlet temperature of the combustion gases exiting
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reformer which in turn boosts the economizer thermal gain and the
overall thermal output.

The design parameters, overall cumulative performance indexes,
and economic criteria corresponding to points A, B and C are brought
in Table 4. As can be seen in this table, employing the operating con-
ditions of Point A results in a cumulative net electrical efficiency
of 29.96% and a total capital cost of 115,711 €. On the other hand,
by utilizing the design conditions of Point B, which leads to the

120000

lowest possible capital cost, the cumulative net electrical efficien-
cy is reduced down to 18.36%, and the required capital cost is also
decreased to 39,929 €. Finally, in order to compare the perfor-
mance of the optimized system with the one of the initial design,
the performance indexes of the optimal point in which the fuel cell
area is the same as that of the initial design are monitored. It was
observed that a cumulative net electrical efficiency of 27.07% can
be achieved which is almost 1% higher than the corresponding index
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which was obtained using the initial design of the system re-
ported in the previous study of the authors [15].

The values of lifecycle cost of the chosen optimal points are dem-
onstrated in Table 4. It can be observed that, owing to the higher
weight of the fuel cell stack’s cost, Point B in which the economic
cost is minimized also results in the lowest possible lifecycle cost
of 16,736 €. It is worth noting that in countries with higher elec-
tricity cost and lower natural gas price, the lifecycle cost will be
considerably lower than the calculated value for Italy. The econom-
ic viability of the proposed HT-PEM CHP plant strongly depends on
the capital cost of the fuel cell stack as well as its degradation rate
and durability. Consequently, considering the steady downward trend
in the production cost of HT-PEM fuel cell and the government’s
incentives for high efficiency CHP plant, in the next years, cogen-
eration plants based on HT-PEMFC can have a higher possibility of
reaching the commercialization stage.

6. Conclusion

A long-term economic and optimization of an HT-PEM micro-
CHP system has been performed in the present work. Employing
the experimentally validated models of core components of the plant,
the BOP model, and the degradation patterns in the MATLAB® en-
vironment, the genetic algorithm multi-objective optimization
approach has been used considering total capital cost and net elec-
trical efficiency as objective functions. For the optimization, current
density, steam to carbon ratio, burner outlet temperature and aux-
iliary to process fuel ratio have been chosen as design parameters.
In the first part of the paper, a steady state optimization has been
performed and the resulting Pareto front has been demonstrated.
In the second part of the article, a long-term optimization method
has been applied while considering the degradation within reform-
er and stack and its effect on the cumulative net electrical efficiency.

Table 3
The values of performance indexes for selected points at different time intervals (optimization procedure II).
Parameter
Point A Point B
Time interval (hour) Nele (%) Neh (%) Pele (kW) Pin (KW) Nele (%)
0-500 32.08 48.98 30.73 46.92 20.64
500-1500 31.71 50.05 30.37 47.94 20
1500-3500 3111 50.49 29.81 48.36 19.39
3500-8000 30.34 51.29 29.06 49.13 18.6
8000-13000 29.21 52.02 27.98 49.83 17.74
13000-15000 28.37 53.25 2717 51.01 16.92

Point C

Neh (%) Pele (kW) Pin (KW) Nele (%) Neh (%) Pele (kW) Pen (kW)
64.26 19.7 61.32 29.28 51.09 27.8 48.5
65.04 19.08 62.07 28.83 52.04 27.37 49.4
65.76 18.51 62.76 28.2 52.44 26.77 49.79
66.8 17.75 63.75 2744 53.17 26.05 50.48
67.42 16.93 64.34 26.35 53.79 25.02 51.07
68.55 16.14 65.41 2551 55.06 24.22 52.27



Table 4

The design parameters and performance indexes of the selected points for optimization procedure II.

Parameter Unit
S/C -
Current density A.m2
Tg K
Aux/Proc fuel ratio -
Total heat recovered by micro-CHP system MWh
Total electricity provided by micro-CHP system MWh
Total natural gas consumed by the micro-CHP system m3
Average net electricity output by the micro-CHP system kw
Average heat recovered by the micro-CHP system kw
Cumulative net electrical efficiency of the micro-CHP system %
Cumulative thermal efficiency of the micro-CHP system %
Capital cost €
Income of produced electricity €
Income of produced heat €
Lifecycle cost €
Unit cost of plant €/kW

It was demonstrated that an attempt to achieve the highest possi-
ble efficiency results in an optimal point with the cumulative
electrical efficiency of 29.96% while requiring a capital cost of 115711
€. The optimal point with the lowest required capital cost (39929
€) leads to a cumulative net electrical efficiency of 18.36%. Finally,
it was demonstrated that by employing an optimal point in which
the same fuel cell area as that of initial design is utilized, a cumu-
lative net electrical efficiency of 27.07% can be obtained which is
almost 1% higher than the one which was obtained using the initial
design.
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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

LCC Lifecycle cost

LT-PEM Low temperature proton exchange membrane
MEA Membrane electrode assembly

OHM Ohmic

PBI Polybenzimidazole

PES Primary energy saving

PFSA Perfluorosulfonic acid

ProxX Preferential oxidation

RF Reforming factor

S/C Steam to carbon ratio

SMR Steam methane reforming

TCC Total capital cost

TER Thermal to electric ratio

WGS Water gas shift

WKO Water knock out

Symbols

Ep Ideal voltage (V)

m Mass flow rate (kg s™)

AH,g5¢  Standard enthalpy of reaction (k] kmol™)

Q The time rate of heat transfer (kW)

Point A Point B Point C
4.90 3.52 4.89
1017 3998 1938
1229.1 11521 1228.1
0.138 0134 0.128
740.38 957.7 760.31
430.41 262.8 385.58
146880 146360 145590
28.69 17.52 25.70
49.36 63.85 50.69
29.96 18.36 27.07
5153 66.90 53.39
115711 39929 68398
73170 44679 65549
39247 50766 40303
85146 16736 37962
2770 2026 2461
R Universal gas constant (k] kmol K™)
E, Activation energy (k] mol™?)
F Friction factor
I Current (A)
K Equilibrium constant
K Rate coefficient
LHV Low heating value (k] kg™)
N Number of cells
Nu Nusselt number
P Power (kW)
Pr Prandtl number
Py Partial pressure of species x
R Rate of reaction (mol lit"'s™)
Re Reynolds number
T Temperature (K)
\% Voltage (V)
Subscripts
A Anode
B Burner
C Cathode
cogen  Cogeneration
el Electrical
th Thermal
Greek symbols
Na Anodic voltage loss
Nc Cathodic voltage loss
el Electrical efficiency
7 First law efficiency
Nen Thermal efficiency
Aty Anodic stoichiometric ratio
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