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Micro-cogeneration is a promising technology that has the potential to lower
energy costs and CO2 emissions in the residential housing sector. Among the dif-
ferent micro-cogeneration technologies, fuel cells offer the potential benefits of
the highest electrical efficiency, lowest emissions, and a heat-to-power ratio that is
well suited for residential applications. The design of fuel-cell micro-cogeneration
systems involves decision making in which trade-offs are made between conflict-
ing objectives. This paper illustrates the use of modeling and optimization in
informing system design by generating different design alternatives that con-
tain these trade-offs, thus allowing the design engineers to make decisions in a
quantitative and rational way. C© 2012 John Wiley & Sons, Ltd.
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INTRODUCTION

T he inefficiencies and the pollution associated
with centralized power generation and conven-

tional heating systems have motivated new develop-
ments in distributed (decentralized or on-site) power
generation. One such emerging technology is micro-
cogeneration, which has the potential to replace
grid electricity and conventional home space heat-
ing and hot-water systems.1–3 Among the different
micro-cogeneration technologies, fuel cells, specifi-
cally solid oxide fuel cells (SOFCs) and polymer elec-
trolyte fuel cells (PEFCs), offer the promising benefits

∗Correspondence to: n.brandon@imperial.ac.uk
1Department of Chemical Engineering, University College London,
London, United Kingdom
2Department of Chemical Engineering, University of the Philip-
pines, Quezon City, Philippines
3Department of Chemical Engineering, University of Birmingham,
Birmingham, United Kingdom
4Centre for Energy Policy and Technology, Imperial College Lon-
don, London, United Kingdom
5Department of Earth Science and Engineering, Imperial College
London, London, United Kingdom

DOI: 10.1002/wene.39

of high electrical efficiency, low emissions, and a low
heat-to-power ratio that is well suited for residential
applications.4,5

Fuel cells have been under development for the
past 50 years.6 However, they are less mature and
more expensive than other micro-cogeneration tech-
nologies. Further research and development are neces-
sary to improve their durability and technical perfor-
mance and reduce their system cost. Despite this, an
increasing number of fuel-cell products are becoming
available commercially. For instance, there are nearly
4000 domestic fuel-cell micro-cogeneration units al-
ready operating in Japan,7 with a further 8000 pre-
ordered by domestic customers.8

The use of modeling and computer-based op-
timization in fuel-cell systems design is receiving in-
creasing interest. This has been motivated by the in-
creasingly commercial nature of fuel cells and has
been facilitated by the increase in computational re-
sources along with the availability of new and effec-
tive methods for solving numerical problems. A bene-
fit of this approach is that it often leads to substantial
savings in design cycle time and cost, as well as better
design and operation.9
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The design of a fuel-cell system involves multi-
ple objectives such as efficiency, size, fuel consump-
tion, power output, emissions, and cost, among oth-
ers. These objectives are inherently conflicting, which
means achieving an optimum for one objective re-
quires compromise on one or more other objectives.
The determination of a set of trade-off solutions is a
multi-objective optimization problem.10–13 The solu-
tion of such a problem is not a single solution but a
complete nondominated or Pareto set, which includes
the alternatives representing the trade-offs among the
objectives. This provides a range of choices available
to the design engineers, which allows them to make
decisions quantitatively and rationally.

This paper gives an overview of the role of mod-
eling and optimization in the design of fuel-cell micro-
cogeneration systems. Modeling requires understand-
ing of the system, and so sections Micro-Cogeneration
and Fuel Cells for Micro-Cogeneration provide the
fundamentals of micro-cogeneration and fuel cells.
Section Overview of the Design Process discusses a
typical fuel-cell system design process and how mod-
eling and optimization are used to generate design
alternatives and identify good designs. In the design
process, identifying the critical criteria and the ones
that can be compromised is a crucial step; thus, sec-
tion Criteria for Design presents the key issues for
some of the most important criteria in fuel-cell micro-
cogeneration systems design. Finally, section Design
of a Fuel-Cell Micro-Cogeneration Plant illustrates
the use of modeling and optimization in generating
different design alternatives that contain trade-off in-
formation about the conflicting design objectives. In
the presented case study, a specific model suitable
for multi-objective optimization of stack size, effi-
ciency, power output, and fuel consumption was con-
sidered. In other situations, a different model may be
more appropriate. A large number of fuel-cell models
with different complexity, level of detail, and scope
are available in the literature. An extensive review
and classification of these models are presented by
Ang et al.14

MICRO-COGENERATION
Micro-cogeneration is the decentralized and simul-
taneous generation of heat and power for residen-
tial and small commercial applications. It is some-
times referred to as micro-combined heat and power
(micro-CHP) or residential cogeneration.3,15 The EU
Cogeneration directive defines an upper limit on ca-
pacity of 50 kWe,16 whereas others define ‘domestic’
micro-cogeneration as being under 3 kWe.17

FIGURE 1 | The micro-cogeneration concept showing the
import/export of electricity.

A micro-cogeneration system can be thought of
as a small-scale power station generating energy in
the home. The by-product heat that would other-
wise be wasted is instead captured and utilized for
space and water heating. It is anticipated that micro-
cogeneration may provide an installed generation ca-
pacity of a similar order of magnitude to the nuclear
industry.18 A micro-cogeneration system can also be
looked at as an effective replacement for the gas cen-
tral heating boiler. It can supply heat and hot wa-
ter as usual but additionally provides the majority of
the home’s electricity needs. The potential success of
micro-cogeneration lies in the large number of sys-
tems that may ultimately be installed in the millions
of homes in the United Kingdom and other European
countries where natural gas is currently the dominant
heating fuel.

Figure 1 illustrates the micro-cogeneration con-
cept applied to a home. Natural gas enters the build-
ing from the gas distribution network; the fuel cell
(or other cogeneration technology) generates heat to
service the space and water heating loads and electri-
cal power for lights and other appliances. Electricity
can be exported to the grid at times of excess produc-
tion, and imported at times of high electrical load.
Net or ‘smart metering’ allows the balance of export
and import to be logged. Similarly, excess produc-
tion or demand for heat can be accommodated by a
hot-water storage tank.

There are several different micro-cogeneration
technologies including the internal combustion en-
gine, the Stirling engine, and the fuel cells.2,3,15,17 All
of them consume fuel to produce heat and electric-
ity simultaneously. In the case of internal combustion
and Stirling engines, an engine drives a generator to
produce electricity. A fuel cell, on the contrary, gen-
erates direct current electric power by consuming fuel
within electrochemical cells.
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FIGURE 2 | Illustration of fuel cell operation taking the hydrogen-fuelled polymer electrolyte fuel cell (PEFC) as an example.

FUEL CELLS FOR
MICRO-COGENERATION

Fuel cells are electrochemical devices that convert the
chemical energy of a fuel directly into electricity (and
heat), without involving the process of combustion.
A simplistic view of a fuel cell is that it is a cross be-
tween a battery (chemical energy converted directly
into electrical energy) and a heat engine (a continu-
ously fuelled air breathing device); this is why fuel
cells are sometimes referred to as electrochemical en-
gines. There are a number of fuel-cell technologies
with very different designs, each suited to different
applications. However, they all share the characteris-
tics of high efficiency, no moving parts, quiet opera-
tion, and low (compared with heat engines) or zero
emissions at the point of use. In addition, modular
stack design means that there are no technical limita-
tions on minimum capacity, which is a problem for
mechanical heat engines.

Several types of fuel cells are under develop-
ment. The classification is primarily by the kind of
electrolyte,19 which determines the chemical reaction
that takes place in the cell, the catalyst required, the
operating temperature range, and the fuel required.
For micro-cogeneration, two particular types of fuel
cell have received the most interest and development
time: the low-temperature PEFC that typically oper-

ates around 80◦C and the high-temperature SOFC,
operating in the range of 500–1000◦C.

Taking the hydrogen-fuelled PEFC as an exam-
ple, Figure 2 shows the basic operation of a fuel cell.
A single cell consists of a negatively charged electrode
(anode), a positively charged electrode (cathode), an
electrolyte membrane, catalyst and gas diffusion lay-
ers, gas channels, and end plates. Hydrogen is chan-
neled to the anode wherein the catalyst separates the
hydrogen’s negatively charged electrons from the pos-
itively charged protons. The membrane allows only
the protons to pass through the cathode; the electrons
must flow around the membrane through an external
circuit. This flow of electrons forms an electric cur-
rent. At the cathode, the electrons and hydrogen ions
(protons) combine with oxygen to form water and
heat. The exact reactions that occur depend on the
type of fuel cell, but for hydrogen-fuelled cells, the
reactions are as follows:

Anode : H2; :: 2H+ + 2e−

Cathode :
1
2

O2 + 2H+ + 2e−; :: H2O

Overall : H2 + 1
2

O2; :: H2O + electricity + heat
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The amount of power produced by a fuel cell
depends on several factors, including the type of fuel
cell, the fuel used, the cell size, the temperature and
pressure at which it operates, etc. The current output
is proportional to the active area of the individual
cells, and the voltage is proportional to the number
of cells connected together. As with solar photovoltaic
cells and batteries, a single fuel cell produces voltage
barely enough for even the smallest applications (1 V),
so individual cells are connected in series to form a
stack. A typical fuel cell stack for micro-cogeneration
may consist of a hundred of fuel cells of 15 × 15 cm2

(∼2.5 kWe), for example.

Fuel-Cell Operation
Figure 3a illustrates the voltage and power versus cur-
rent curve for a generic fuel cell. An increase in current
density (current per unit area of each cell) results in
a decrease in operating voltage due to internal losses
in the system. Power output initially increases and
reaches a maximum at point ‘D’, above which, the
decreasing voltage and increasing losses in the system
results in loss of electrical power output, although the
heat generated continues to increase. The nominal op-
erating point is around point ‘C’, which is typically
2/3 to 3/4 of the open circuit voltage of the cell. The
point of operation is a trade-off between electrical ef-
ficiency and capital cost20; for a micro-cogeneration
system, the requirement to service the heat load is also
a factor in determining the operating point.

Considering the whole fuel-cell system, Figure
3b shows how the electrical and thermal efficiency
varies with the electrical load. In contrast to heat en-
gines which have a maximum efficiency at their nom-
inal operating point, fuel cells are known to have ex-
cellent ‘turn-down’ performance, that is reducing the
electrical load results in higher electrical efficiency.
However, since there are components that require
electrical supply (e.g. sensors, actuators, and control
system), and their load is constant regardless of the
power delivered by the fuel cell, this parasitic load
degrades the system efficiency at low electrical load.
There is a point ‘B’ where the parasitic load equals the
power delivered by the fuel cell and the system there-
fore has ‘zero efficiency’. In a similar sense, SOFCs
have a lower operational point below which the stack
is no longer thermally self-sustaining and begins to
cool. There is therefore a practical lower limit below
which the system cannot operate, typically of the or-
der of 20% of the nominal operating point.

It can be seen from Figure 3b that as the elec-
trical load on the fuel cell increases, the thermal effi-
ciency increases and the electrical efficiency decreases.
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FIGURE 3 | Illustration of the operating range of a fuel cell,
showing (a) stack voltage and power and (b) electrical and thermal
efficiency. Labeled operating points are described in the text.

The way in which the heat-to-power ratio of the fuel
cell varies with electrical load will depend very much
on the system design, but will generally tend to in-
crease when subjected to heavy electrical loading.
However, it should be remembered that the heat-to-
power ratio of the system can also be controlled at any
fuel cell operating point by varying the fuel utilization
and the amount of heat generated in an auxiliary af-
terburner.

OVERVIEW OF THE DESIGN PROCESS

Figure 4 illustrates a typical fuel-cell system design
procedure in which modeling and optimization play
a key role. The first step is to identify a set of design
criteria that will be used as objectives or constraints,
examples of which include size, efficiency, fuel con-
sumption, heat-to-power ratio, power output, dura-
bility, emissions, capital cost, operating cost, and pay-
back period. A few of these are essential for a given
application.
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Application 
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FIGURE 4 | A typical fuel cell system design process. (Reprinted
from Ref 4. Copyright 2005, Elsevier.)

It is crucial to identify the criteria that can be
overlooked without compromising the object of the
design.

Modeling is performed to capture the aspects of
the system that are of interest to the designer. Knowl-
edge of fuel-cell phenomena, such as electrochemi-
cal, thermodynamic and transport processes, mate-
rial properties, and various interactions are useful in
formulating a model. A mathematical model, which
describes certain aspects of the system and predicts
its behavior, may be a set of algebraic or differential
equations, or a computer-based procedure or subrou-
tine. The model may contain many different design
alternatives, which can be obtained by changing the
variables, parameters, conditions, or constraints. The
criteria defined in the previous step provide the basis
for comparison of the different design alternatives.

The model can then be coupled with a numerical
optimization algorithm to generate better designs iter-

atively. This may result in a single or multiple optimal
solutions. Modeling and optimization aid the designer
in shortlisting candidate designs for further consider-
ation. Optimization, however, does not always gener-
ate a good design suitable for fabrication. In this case,
iteration of the previous steps is necessary to verify
that appropriate fuel-cell phenomena are captured in
the model and correct governing equations are used,
examine the validity of the assumptions used in mod-
eling, and if necessary, adjust or modify the design
requirements and objectives.

The designer then evaluates the design solu-
tions generated from optimization and selects one or
more alternatives that can be fabricated, guided by
the knowledge of the trade-offs among the objectives,
in addition to own experience and other considera-
tions that could not be included in the optimization
problem. Tests and diagnostics (e.g. model valida-
tion against experiments) are carried out to determine
what else can be further improved in the existing de-
sign, verify the assumptions, and validate the models.
The final design may either result in a final prototype
or an iteration of an existing design.

Poor modeling and strict requirements can make
the design iteration loop shown in Figure 4 long and
recurrent. A good model should be robust, accurate,
and able to provide meaningful solutions to fuel-cell
problems quickly.21 A robust model is able to pre-
dict fuel-cell performance over a wide range of oper-
ating conditions. Accuracy, on the contrary, can be
attributed to using reasonable assumptions and cor-
rect input parameters such as physical and chemical
properties, to the proper identification of the physical
phenomena, and to using the correct governing equa-
tions. However, improving robustness and accuracy
often involves a sacrifice in computational efficiency.
A good model should exhibit a balance between ro-
bustness, accuracy, and computational efficiency.

CRITERIA FOR DESIGN

A good fuel-cell system design is one that meets the
design requirements and represents a trade-off among
the different design objectives.14 Thus, it is imperative
to identify the critical criteria and those that can be
sacrificed without jeopardizing the design. This sec-
tion discusses the key issues for some of the most
important criteria for the design of a fuel-cell micro-
cogeneration plant.

Size
The optimal sizing of a micro-cogeneration unit is
a continuing point of discussion among engineers.
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FIGURE 5 | Illustration of a typical electrical and heat load for a UK dwelling. Values are in (average) kW, for each 5 min period of a typical
winter day. On the basis of data from IEA Annex 42. (Reprinted from Ref 24. Copyright 2007, IEA.)

A large unit can potentially provide higher electri-
cal outputs, thus higher cost and carbon savings.
However, oversizing the unit increases the capi-
tal cost, and can lead to excessive heat dumping
which erodes the economic and environmental bene-
fits of the system if the power cannot be sufficiently
turned down. Also, oversizing often results in cycling
operation (repeated short operating cycles), which
reduces the efficiency due to the losses incurred dur-
ing startup and shutdown.7 Undersizing a micro-
cogeneration system, however, will lead to greater
reliance on backup heating systems and grid electric-
ity. If such backups are not available, the property will
heat up less quickly and may not reach comfortable
internal temperatures.17

Another key issue in sizing is the electrical out-
put of the system relative to the site’s base load elec-
tricity demand. If export tariffs are not available, it
is beneficial to ensure that all the electricity gener-
ated is used on-site. If they are, it may be econom-
ically viable to generate large amounts of electric-
ity, provided that the property can utilize the ad-
ditional heat produced. In some cases, there may
be a benefit from using a heat storage which can
act as an effective buffer to support the production
of hot water at times of peak demand. However,
any potential benefits may be undermined by the

heat losses associated with currently available heat
storage.

The field trials undertaken by the Carbon Trust
suggest that matching the capacity of the micro-
cogeneration to the heat demand of the property is
often advantageous.17 In this case, the rated heat out-
put of the micro-cogeneration system is sized to ade-
quately meet the comfort requirements of the end user
on the coldest winter days. Anything larger than this
involves some modulating capability, heat dumping,
and/or heat storage.22

How a fuel-cell micro-cogeneration unit is sized
and operated is a trade-off between system efficiency
(fuel cost), unit size (capital cost), and heat-to-power
ratio. Ang et al.20 have quantified the trade-offs be-
tween the efficiency and the size of a PEFC stack. In
practice, accurate and detailed demand data for heat
and electricity are fundamental to accurately sizing a
micro-cogeneration unit. Figure 5 shows a represen-
tative heat and power load variation over the course
of 24 h for a typical family home.

It can be seen that the heat-to-power ratio of
the demands varies significantly throughout the day.
Moreover, the average ratio, over a day, varies from
about 1:1 in summer months to above 8:1 in the
winter.23 Therefore, sizing of the fuel-cell micro-CHP
can be a challenge and supplementary generation and
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storage will typically be required to deal with these
dynamics. This problem was investigated by Liso
et al.,23 who found that the most economic solution
is to size the micro-CHP for the summer hot-water
demands, which in the United Kingdom are about
100 W, and to cover peak hot-water demands using a
storage and space-heating demands in the winter with
a supplementary burner. The heat-to-power ratio of
fuel-cell micro-CHP units, between 0.5:1 and 1.5:1,
are an ideal match for the demands in summer which
means that they can run continuously throughout the
year, which is beneficial for reliability and cost.

Conversion Efficiency
The efficiency of a micro-cogeneration system is the
fraction of the chemical energy in the input fuel that
can be recovered as electrical power and heat. There
are three primary efficiencies associated with micro-
cogeneration: the electrical efficiency, the thermal
efficiency, and the overall efficiency. In general, max-
imizing the overall efficiency often results in a high-
performance operation.17 For micro-cogeneration,
the electrical efficiency is more important than the
thermal efficiency due to the higher value of electric-
ity, relative to heat, in terms of both cost and carbon
intensity. Fuel cells offer significantly higher electri-
cal efficiency than engine-based technologies and can
rival modern combined cycle gas turbine. However,
their overall efficiency is currently lower than engines,
which is largely due to their relative immaturity and
difficulties in capturing low-grade waste heat.6

Heat-to-Power Ratio
The heat-to-power ratio affects the overall en-
ergy, cost, and carbon saving benefits of micro-
cogeneration. Although the overall efficiency is im-
portant, the relative level of electrical output has the
biggest impact on carbon saving performance. Rel-
atively small increases in electrical efficiency (i.e. de-
creases in heat-to-power ratio) can result in significant
increases in potential carbon savings.17 The heat-to-
power ratio of a micro-cogeneration system can be
varied by operating at different electrical loads and
invoking the use of an auxiliary burner.6

Fuel cells have relatively low heat-to-power
ratio (∼0.5–1.5:1) compared with other micro-
cogeneration technologies. They are therefore able to
operate well in properties with limited demand for
heat.

Transient Response
Low-temperature fuel cells are expected to operate in-
termittently in people’s homes, starting up and shut-

ting down on most days.7,25,26 The energy required
to start and stop the fuel-cell system over the course of
a year can be significant, as electronic systems must
run before and after operation to provide adequate
stack conditions, and a long period of preheating is
required to raise the generator’s mass up to the op-
erating temperature. Although the fuel-cell stack may
be able to operate from ambient temperature (in the
case of PEFC), the fuel processor must be heated to
several hundred degrees before hydrogen can be pro-
duced. The annual seasonal efficiency of a fuel cell
micro-cogeneration system will be lower than when
measured at steady state, as the additional gas and
electricity consumed during startup and shutdown
need to be accounted for.7

Reliability/Availability/Lifetime
Fuel-cell micro-cogeneration systems are expected to
operate for 40,000–80,000 h, equivalent to 10–20
years of intermittent usage. The effect of real-life con-
ditions such as impurities in fuel and oxidant can
make the system’s operating life shorter.

The latest PEFC systems are expected to ex-
ceed the 40,000 target27; however, as none of these
units have been operating for more than a year in
the field, this is impossible to verify at present. The
longest reported lifetimes so far from the Japanese
field trials have been around 20,000 hours.7 Because
of challenging material requirements, SOFC lifetimes
are currently around half of those for PEFC, with up
to 15,000 h reported in field trials, and 20,000 h ex-
pected to be attainable by micro-cogeneration systems
by 2015.7

Currently, both PEFC and SOFC stacks lose
power at a rate between 0 and 5% per thousand
hours, depending on the design and materials used.
Reduced catalytic activity in the cells and reformer,
combined with increasing cell resistance, causes a
gradual drop in output voltage, and thus power out-
put. This can shorten stack lifetime, but mechanical
deterioration of the cells is usually the limiting factor.

Emissions
Hydrogen-powered fuel cells produce no emissions
at the point of use, the only by-product being pure
water. However, CO2 is emitted when a reforming
process is used to produce the hydrogen from another
fuel, for example methanol, but this is typically much
lower than that of an internal combustion engine or
from using grid electricity due to the fuel cell’s high
efficiency.
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FIGURE 6 | Schematic of a fuel cell micro-cogeneration system. The symbols in the diagram refer to as follows: deS, desulfuriser; hex, heat
exchanger; hum, humidifier; inv, DC/AC converter; PrOx, preferential oxidation reactor; SR, steam reformer; WGS, water gas shift reactor.
(Reprinted with permission from Ref 14. Copyright 2011 Elsevier.)

When analyzing the emissions of a fuel-cell sys-
tem, the entire life cycle should be considered. If hy-
drogen is produced from other fuel, the emissions re-
sulting from the reforming process should be taken
into account regardless of whether the hydrogen gen-
eration takes place in a central refinery or at the micro-
cogeneration site. Producing hydrogen from water via
electrolysis is an alternative option, which can result
in zero life cycle emissions if powered by renewable
electricity.

Cost
Perhaps the overriding design criterion is cost. How-
ever, cost is not always a practical choice as a design
criterion because it can be very difficult to quantify.
In addition, although the design with the lowest cost
is usually the preferred choice, a narrow focus on
low cost will not necessarily lead to a well-balanced
and successful design. Careful consideration of the
other criteria such as lifetime, emissions, size, etc. is
important.

The total cost of a fuel cell system is the aggre-
gate of capital cost, fuel production cost, operating
cost, maintenance and repair cost, emissions cost, and

disposal cost. The cost must compete with that of the
technologies that the fuel cell systems replace, that is
grid electricity and condensing boilers for stationary
fuel cell systems.

In some cases, return on investment is used as a
criterion instead of the total cost. An example is the
payback time, which is the ratio between the capital
cost and annual savings in operating cost (relative to
the system that is replaced), and measures the num-
ber of years it takes for an investment to pay back.
Alternative criteria of return are the net present value
and the internal rate of return.

DESIGN OF A FUEL-CELL
MICRO-COGENERATION PLANT

Figure 6 shows a schematic of a typical PEFC-based
fuel-cell system for residential micro-cogeneration
running on reformed hydrogen from natural gas (the
description of the subsystems are given in Ref 14).
This system has been used as the basis for modeling
studies to investigate optimization of fuel-cell micro-
cogeneration. The design of such system naturally
involves simultaneous optimization of two or more
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conflicting objectives including many decision vari-
ables and constraints. This section considers two cases
that illustrate such conflict between design criteria.

Efficiency Versus Size of a Fuel-Cell Stack
The trade-off between efficiency and size is inherent in
the design of a fuel-cell stack.20 These two criteria are
both related to economics. Fuel consumption, hence
operating cost, is directly determined by the efficiency.
On the contrary, the bulk of the capital cost is con-
tributed by the size of the membrane electrode assem-
bly (MEA).a,28 The compromise between the capital
investment and operating cost is not the only motiva-
tion for the trade-off investigation between size and
efficiency. In the current consumer demographic, the
size of the fuel-cell system relative to a conventional
boiler may be a deciding factor for households that
lack substantial spare floor space. On the contrary,
other users may value operating costs more than con-
venience when locating the system.

Fuel Consumption Versus Power Output
of a Micro-Cogeneration System
There is a trade-off between the net electrical power
output and the fuel consumption of a fuel-cell micro-
cogeneration system. Ideally, the system is operated at
high-power output and low-fuel consumption; thus,
the optimization problem will involve maximization
of power output and minimization of fuel consump-
tion. These are conflicting because more fuel is needed
to produce additional power. Also, in some cases,
electricity in excess of the site requirements is gener-
ated which can be sold to the grid. The value of the
exported electricity depends on the situation; some-
times, the electricity used on-site is more valuable; in
others, such as with some feed-in tariffs, excess elec-
tricity is sold to the grid at higher than market rates.
Deciding which of the two objectives—power output
or fuel consumption—is more important depends on
the cost of the fuel and electricity and the buyback
rate of electricity exported to the grid. The inherent
variability in the cost introduces difficulty in decid-
ing which operating point is most beneficial econom-
ically. Thus, information that shows the compromise
between the power output and the fuel consumption
is an important tool in identifying the most suitable
operating design for a given thermal and electrical
demands.

Multi-Objective Optimization
For both the design problems, the aim is to determine
a set of trade-off optimal solutions, called a nondom-
inated set or a Pareto set10–13 that simultaneously op-

timizes the design criteria. The determination of a
Pareto set is a multi-objective optimization problem.
Mathematical models that describe and predict the
behavior of the process are required for this purpose.
The detailed description and formulation of one such
fuel-cell stack model can be found in Ref 20.20 This
model was extended to a micro-cogeneration plant
by integrating the stack with the necessary subsys-
tems for it to operate as a residential heat and power
generator as described in Refs 14 and 29.

Since multi-objective optimization requires eval-
uation of a large number of design alternatives with
correspondingly high computational requirements,
simple and fast models are preferable. The models
have acceptable accuracy and are complex enough to
differentiate between alternative designs, while being
simple enough to allow for repeated calculations dur-
ing optimization.20

There are a variety of techniques for solving
multi-objective optimization problems.10–13 In this
work, the weighting method is used to approximate
the Pareto set. This method transforms the multi-
objective optimization problem into a single-objective
optimization problem by associating each objective
function with a weighting coefficient and then mini-
mizing the weighted sum of the objectives:

min z =
N∑

i=1

ωi zi (x)

where z is the weighted sum of the objectives, zi is a
single objective, and ωi ∈ (0, 1) is a weighting factor
with

∑N
i=1 ωi = 1. The extreme points ω = 0 and ω

= 1 represent the single-objective optimization prob-
lems. Solving the optimization problem for any ω ∈ (0,
1) will generate solutions between these two extremes
where the two objectives are considered simultane-
ously; the value of ω determines the relative impor-
tance of each objective. A Pareto set can be generated
by evaluating a series of single-objective optimization
problems with different values of the weighting fac-
tor to avoid having to, a priori, select a particular
weighting between objectives.

The optimization problem is subject to the con-
straints imposed by the mass and energy balances, the
electrochemical model, the equilibrium relations, the
transport equations, physical constraints, and bounds
on the design variables. The model was written in the
GAMS30 modeling language and was solved using
LINDOGlobal. LINDOGlobal employs the branch-
and-cut method to break a nonlinear programming
model down into a list of subproblems.31 A dis-
cussion of the branch-and-cut method is given in
Ref 32.
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FIGURE 7 | A Pareto set showing the trade-off between efficiency
and size of the stack. (Reprinted with permission from Ref 20.
Copyright 2010 Elsevier.)

Trade-Offs in the Design
Figure 7 shows the trade-off, or Pareto, curve for sys-
tem efficiency versus fuel-cell size. The efficiency and
the total MEA area (cell area multiplied by number of
cells) are plotted on the two axes and the curve con-
sists of a set of designs that are all optimal in a Pareto
sense. The highest point at the top right of Figure 7
represents the optimal solution for the single-objective
optimization problem of maximizing the efficiency of
the system without taking the size into account. Con-
versely, the lowest point (bottom left) in the curve
corresponds to the optimal solution for the minimiza-
tion of the size regardless of the efficiency. From the
results, it can be concluded that the efficiency and size
of the system must be considered simultaneously. If
only the efficiency is maximized, the outcome may be
an impractically large system. On the contrary, opti-
mizing for size results in a system almost four times
smaller but with an efficiency that is lower than other
competing technologies.

A base case from Ref 20 is shown in Figure 7 to
be a dominated solution as it lies ‘inside’ of the Pareto
set. The points that correspond to ω = 0.60 up to
ω = 0.65 have both a higher efficiency and a smaller
size compared with the base case so they improve on
both objectives.

The points at the far right of Figure 7 represent
solutions in which the size of the system is compro-
mised in favor of the efficiency. Moving down the
curve, to the left, the size of the system is improved
but the efficiency reduces. None of the points is es-
sentially superior and the final choice of design will
depend on the factors specific to the application. For
stationary applications, the size of the system can be
traded off for the efficiency with relatively minor con-
sequences. This is not the case, however, for mobile
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FIGURE 8 | Pareto set showing the trade-offs between the net
electrical power output (Wdel) and fuel consumption (Wfuel).
(Reprinted with permission from Ref 14. Copyright 2011 Elsevier.)

and transportation applications, which require highly
efficient and small systems. Furthermore, at efficiency
of approximately 47% and above, the slope of the
curve is very steep. In this region, large increases in
the size of the system result in small gains in efficiency.
Conversely, at efficiency of about 40% and below, the
curve appears to be flat. This suggests that in this re-
gion, a small change in the size of the system leads
to a large impact on the efficiency. Overall, to make
the most of the trade-off behavior in Figure 7, the
stack should be operated at an efficiency of between
40 and 47%.

Figure 8 gives the trade-off solutions for fuel
consumption versus power output of a fuel-cell micro-
cogeneration plant at a thermal power rating of
9 kWth. The highest point is the optimal solution for
the single-objective maximization of the net electrical
power output without taking the fuel consumption
into account. Conversely, the lowest point is the opti-
mal solution for the single-objective minimization of
the fuel consumption regardless of the power output.
The results indicate that the lowest fuel consumption
occurs when the system is operating in ‘boiler only’
mode, that is the net electrical power output is zero.
In this case, the system is still generating some electri-
cal power but all of this is used to service the parasitic
loads such as the blower and the water pump.

It can also be observed from Figure 8 that at
power output below 7 kWe, the power output trades
almost linearly with the fuel consumption. In this re-
gion, roughly 0.85 We additional power is produced
for every W of extra fuel. At power output above 7
kWe, it is not economically practical to operate the
system because there are no significant gains in power
output with increase in fuel consumption. The limit
on the maximum attainable net power output can be
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FIGURE 9 | Values of the overall efficiency corresponding to the
Pareto set in Figure 8. (Reprinted with permission from Ref 14.
Copyright 2011 Elsevier.)

attributed to the fixed size of the fuel cell. In this
study, the total active area of the MEA is considered
to be 1.6 m2 (e.g. 40 cells, each with active area of
20 × 20 cm2).

Figure 9 shows the overall efficiency plotted
against the fuel consumption. The figure indicates that
placing more importance on the net power output as
an objective leads to a decrease in the overall effi-
ciency. Furthermore, the micro-cogeneration system
can achieve an overall efficiency as high as 93%. The
lowest overall efficiency is about 65% which is still
higher than the 50–60% overall efficiency of a mod-
ern combined cycle power plant.33

Figure 10 shows the values of the electrical and
thermal efficiencies corresponding to the Pareto set in
Figure 8. It can be observed that a maximum value of
the electrical efficiency occurs for a particular value
of the weighting factor. Interestingly, the solution of
the single-objective maximization of the power output
does not necessarily result in a maximum electrical
efficiency. Finally, there is a trade-off between the
thermal efficiency and the electrical efficiency. At high
thermal efficiency, the electrical efficiency is low and
vice versa. This clearly demonstrates the ability of
the fuel cell to operate with a variable heat-to-power
ratio.

CONCLUSIONS

Fuel cells offer many benefits for residential micro-
cogeneration because of their high electrical effi-
ciency, low emissions, and low heat-to-power ratio.
There is a great opportunity for modeling and opti-
mization to be used to inform system design, which
often results in savings in design cycle time and cost,
and better design and operation.
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FIGURE 10 | Values of the individual efficiencies, (a) electrical
efficiency and (b) thermal efficiency, corresponding to the Pareto set in
Figure 8. (Reprinted with permission from Ref 14. Copyright 2011
Elsevier.)

The design of fuel-cell micro-generation sys-
tems naturally involves conflicting objectives such as
size, efficiency, fuel consumption, and power output,
among others; an improvement in one of the objec-
tives often involves sacrifice in the value of another
one. This paper provides an overview of an effective
approach to designing fuel-cell micro-cogeneration
systems so as to achieve a balance among the con-
flicting objectives. Illustrations are presented to show
how a multi-objective optimization framework can
be used to quantify the trade-offs between competing
objectives. This approach offers flexibility to design
engineers by providing them with a set of design al-
ternatives that contain such trade-offs.

Finally, it is worth noting that as with any
models used in decision making, it is necessary to
make certain that the model correctly represents the
behavior of the actual system. The design solutions
are only useful within the limitations of the model
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assumptions, and their quality depends on how well
the model has been formulated. When properly for-
mulated and validated, modeling and optimization
are useful tools in the design of fuel-cell micro-
cogeneration systems as they provide ways to gen-
erate different design alternatives and identify good
designs.

NOTES

aThe costs of the other components such as the bipo-
lar plates and auxiliaries (humidifiers, air compressor,
and water coolant) which add up to the capital cost
are strongly correlated with the variation in the area
of the MEA.
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