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Abstract
A method that combines process modelling and process integration techniques has been
developed to tackle the design of complex integrated systems like fuel cell systems. This
method uses the equations of the composite curves as constraints to model the ideal
heat exchanger network and the corresponding utility system. When combined with the
use of process modelling techniques, this method allows to synthesize optimized fuel
cell integrated systems with high efficiency and that integrates the technological design
constraints.

1 Introduction
The physical principles behind a fuel cell system is the electrochemical conversion of a
fuel into electricity. If the membrane system that allows the separate transfer of the ions
and the electrons is the heart of the system, the system integration is of major impor-
tance with respect to the system performances(Hirschenhofer , 1998). The Ballard Proton
Exchange Membrane Fuel Cell (PEMFC) system (Keitel, R.,) has been used as a basis
for this study. It includes a fuel processing system, the fuel cell and the post combus-
tion sub-system. The fuel processing section converts the fuel into a suitable form for the
electrochemical reaction, avoiding catalyst poisoning and featuring acceptable catalyzed
reaction rates. The fuel processing is a steam reforming system operating at a pressure of 3
bar followed by a shift reactor that convertsCO of the reformate into additionalCO2 and
H2 and a Preferential oxidation reactor (PROX) that converts the remainingCO to avoid
fuel cell catalyst poisoning. In our study, we did consider a medium temperature (250◦C)
shift reactor that allows shift reaction to be realized in one step. AH2 loss by oxidation
has been considered in the PROX reactor due to the selectivity of the catalyst. The fuel
cell operates at low temperature (less than 100◦C). The hydrogen crossing the membrane
produces electricity by the electrochemical conversion of the free energy of the hydrogen
oxidation reaction. The fuel conversion being lower than 100%, The remaining fuel will
be recovered by post combustion to satisfy the energy requirement of the system. In order
to reach the operating pressure of the system, the air is compressed by a turbo-compressor
driven by the expansion of the flue gases resulting from the post combustion. Coupling
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FIG. 1. Energy flow diagram of the system

of a electricity generator allows producing an additional amount of electricity whose pro-
duction will depend on the turbine inlet temperatureTiT and on the gas turbine system
integration. Process integration in fuel cell systems concerns therefore different levels. In
terms of chemical conversion, the fuel processing performances affect the fuel cell and
the post combustion efficiency, but also in terms of combined heat and power production.
A characteristic of the fuel cell system design is the heat exchange system that can not be
considered as a conventional network of individual heat exchangers but as a system where
heat exchanges take place simultaneously with the chemical and the electrochemical reac-
tions in the same vessel. Fronted with this multi-scale integration problem, our goal has
been to develop a methodology that combines process modelling , process integration and
optimisation techniques to design better integrated fuel cell systems.

2 Process synthesis methodology
The first step of the process synthesis methodology is the generation of a simulation model
based on the Energy Flow Diagram (fig 1). Knowing the values of the decision variables
(P), the energy flow model is used to compute the temperatures, pressures, flowrates and
energy flows that define the system requirements. In the integration strategy, some of
the flowrates (̇mu) have to be computed to close the energy balance and satisfy the heat
cascade of the integrated system, we refer to these as being the utility system. The tem-
peratures, pressure and specific energy flows of the utility sub-systems are also computed
by energy flow modelling when these are related to decision variables (e.g. the operating
pressure orTiT ). The flowrates will be computed by process integration using the Effect
Modelling and Optimisation (EMO) approach (Marechal and Kalitventzeff (1998)). The
”ideal but feasible at an acceptable cost” heat exchanger network model is formulated as
a linear programming (LP) problem including the heat cascade as constraints and the pro-
cess efficiency as an objective function. The results of the LP optimisation are then used
to compute the objective function of the design and to define the optimal values of the
decision variables (P) that maximize the efficiency. In our study, the objective function is
the energy efficiency of the system, computed by (1) and the optimisation is stated as (2),
whereṁu(P ) is the solution of the LP problem (3).

ηe(P, ṁu) =
ĖFC(P ) + ĖGT (P, ṁu)− ṁO2(P ) ∗ ĖO2

ṁFC ∗ LHVNG + ṁNGadd
(P, ṁu) ∗ LHVNG

(1)



whereĖFC(P ) andĖGT (P, ṁu) are respectively the electricity production by the fuel
cell system and the net production of the integrated gas turbine system for the deci-
sion variables P and the utility flowrateṡmu. The natural gas (with a lower heating va-
lue LHVNG) flowrate entering the fuel processing section (ṁFC) is a constant, while
ṁNGadd

(P, ṁu),the additional natural gas in the utility system results from the LP pro-
blem (3).ṁO2(P ) is the pure oxygen flow used in the PROX reactor for the decision
variables P andĖO2 is the energy consumption of the pure oxygen used in the system
(300 kWh/ton ofO2).

Min
P

ηe(P, ṁu(P )) (2)

Min
ṁu

FLPobj(ṁu, P ) = ṁNGadd
(P, ṁu) ∗ LHVNG − ĖGT (P, ṁu) (3)

Subject to Heat cascade constraint (4a)

Mechanical power balance (4b)

In the adopted approach, the model are solved as a simulation problem with enough ro-
bustness solving only part of the problem by linear optimisation and analysing the sensi-
tivity of the decision variables (P). This allows not only identifying the optimum but also
to represent the shape of the search space.

2.1 Process Energy Flow model
The Energy flow model concerns the calculation of the chemical and electro-chemical
reactions as well as the heat exchange requirements, the separation units, compression
and expansion. The model has been developed using an equation solver approach (Belsim
s,a,, 2001). Although this choice is not critical, it allows an easy modification of the list
of specifications during the model development without having to redesign the solving
sequence as it would have been the case in the sequential approach. The definition of
the hot and cold streams in the energy flow model is critical and should be considered
carefully if we do not want to miss energy savings potentials. In the conventional system,
the steam is produced in a separated heat exchanger before being mixed with the fuel
at the inlet of the reformer (dotted line at the vaporisation temperature on the composite
curve of figure 1). In order to recover the partial pressure effect of the steam injection, the
energy requirement of the feed preheating has been considered as a liquid-vapour mixture
of water and natural gas to be heated up (plain line on the same figure). This implies the
use of a special heat exchange equipment. The chemical reactions are modelled assuming
(where appropriate) equilibrated reactions. In order to account for the catalyst efficiency,
the equilibrium is computed at a different temperature from the heat balance one. The
conventional representation of the reformer is to consider the feeds preheating up to the
present temperature and then to consider a cold stream representing the heat of reaction
Qreac at the constant reforming temperatureTreac. In order to better fit the reactor
temperature profile, we considered the feed stream preheating toTreac, then the reaction
takes place to reach equilibrium atTreac. The heat of reaction is considered into parts :



a cold stream fromTint (the reaction startup temperature) toTreac corresponding to the
reaction products heating and the balance at constant temperatureTreac. This approach
will better approximate the real temperature profile in the reactor (dotted line of figure 1)
and will allow energy savings for example by additional feed preheating. This definition
of heat requirement of the reforming reaction should be kept in mind when it will be
necessary to compute the heat exchange network, especially if a pinch point appears in the
corresponding temperature range. A similar approach has been used to model the energy
requirement of the exothermic reactions (shift and preferential oxidation, combustion as
well as the fuel cell it self).
For the system optimisation, the pressure, the steam to carbon ratio and the reforming
temperature have been considered as decision variables while the temperature of the shift
reactor, as well as the conversion in the PROX reactor have been considered as fixed. The
fuel utilisation in the fuel cell has not been optimised in our study. The post combustion is
modelled assuming the stoechiometric combustion of the fuel not converted in the fuel cell
(this fuel contains the remaining methane and hydrogen). The resulting flue gases are then
expanded in a turbine with an inlet temperature (TiT ) considered as a decision variable.
It should be noted that the heat requirement associated with the combustion assumes the
possible air and fuel preheatings and the high temperature exchange of the combustion
products with the reformer.

2.2 The utility system
In order to balance the heat requirement of the system, a utility system will be used.
According to the decision parameters, two situations may occur : 1) the heat of the post
combustion is not sufficient to balance the heat requirement of the system and additional
firing is needed or 2) the system is balanced by the heat of the post combustion and
actions have to be taken in order to use the energy excess. These two situations will be
represented by adding the two sub-systems in the problem presented on the right of figure
1 (Post combustion sub-system). On the top, the sub-system represents the additional fuel
added to the post combustion in order to balance the composite curve, this leads to an
additional air requirement (that flows through the compressor, the fuel cell and the air
preheating section) and, in the center, an air excess that will be computed in order to
maximise the energy conversion into net electricity using the Brayton cycle. The bottom
of the figure represents the post combustion of the non converted fuel. The model used
for this representation has been presented in (Marechal and Kalitventzeff , 1998) and has
been adapted to account for the effect of the oxygen partial pressure on the electricity
production in the fuel cell. This model represents the derivative of the additional fuel and
the air excess in the composite curve constraints and the objective function. The limit
of this configuration will be a renegerative gas turbine operating at a pressure of 3 bar,
without the fuel cell system reaching 26% of electrical efficiency. The model used will
allow to represent the possible regenerative exchange, not only between the streams of the
gas turbine system, but also with the streams of the process. The difficulty of applying the
heat cascade model lies on the fact that it can only be solved by solving an optimisation
problem : the solution being defined by the activation of inequality constraints : pinch
point or utility flowrate.



FIG. 2. System efficiency as a function of reforming temperature and steam to carbon
ratio with and without net production of electricity with the gas turbine

3 Results
The visualisation of the objective function with respect to some of the decision parame-
ters is shown on figure 2. Two situations are presented as a function of the reforming
temperature and the steam to carbon ratio. The first (lower surface) represents the turbo-
compressor solution where theTiT is such that the expansion turbine will only drive the
compressor without net production of electricity (as it is the case in the original design),
while the second (upper) assumes a net electricity production by the gas turbine. The opti-
mal efficiency computed for the system is of 53%, obtained for a steam to carbon ratio of
4 and a reforming temperature of 700◦C for the gas turbine case. For the turbo compres-
sor case, the optimum efficiency is of 47% with a reforming temperature of 750◦C. These
values have to be compared with an efficiency of 36% in the original design. It should
be mentioned that the optimal decision are quite different in the two situations indicating
that the investment and the choice of the catalyst will be affected by the configuration
decision. More results are presented in (Godat and Marechal , 2002). According to de-
sign assumptions or limits, the activation of different pinch points, that results from the
LP optimisation strategy, will lead pratically to different configuration. Considering as an
example the composite curves of figure 3 that have been computed for the same steam to
carbon and reforming temperature. On the right, we consider system without electricity
production by the gas turbine (turbo-compressor). In this situation, the liquid-vapour feed
mixture preheating is necessary in order to reach high system efficiency. Producing steam
in a separate heat exchanger (doted cold composite) would have activated a pinch point
that would have increased the additional firing requirement. The mixture preheating leads
to an increase of 1% of efficiency (from 44.1% to 45.2%). On the left of the figure, we
present the results of the regenerative gas turbine integration allowing electricity genera-
tion by the gas turbine. In this case, the shape of the composite curve indicates that both
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FIG. 3. Composite curves of the system with and without net production with the gas
turbine for a)Tref = 800◦C, S/C = 2.6 and b)Tref = 800◦C, S/C = 2.6

separate production of steam (doted cold composite) and mixture preheating may be en-
visaged without efficiency penalty. In this case, the system efficiency is of 47.8%. This
sensitivity analysis has been made because the objective function (the efficiency) is not
the only concern. Other design parameters for example the humidity in the fuel cell and
of course the investment have also to be analysed.

4 Conclusion
A model based on the combined use of modelling and process integration techniques has
been developed to design optimal integrated fuel cell systems. The use of the process
integration techniques solved as a linear programming problem allows modelling the heat
exchanges in the integrated system and determining the flowrates in the system even if
the pinch point position changes. This approach is especially useful to design integrated
systems because it allows modelling the heat exchange system without defining a priori
its structure. The proposed modelling method is a first step of the synthesis methodology
that will integrate multiple objectives (i.e. the efficiency and the cost) in order to finally
design the best system structure. Compared to simultaneous simulation and optimisation,
the use of a two level approach (solving the model at a lower level), allows not only
the identification of the optimal decision parameters but also the characterisation of the
optimal region for the system configurations.
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