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a b s t r a c t

This work presents a novel heat-integrated fuel cell stack system with methanol reforming. Its configu-
ration is composed of fuel processing units (FPUs), proton exchange membrane (PEM) fuel cell stack, and
heat exchangers (HEXs). Well mixed methanol and oxygen flows in contact with countercurrent flowing
water dominates the production of hydrogen at the exit of FPUs and influences the stack temperature.
The heat exchange connections can enhance the utilization of energy of FPUs. To ensure the stable steady-
state operation, the model-free fuzzy incremental control scheme within the multi-loop feedback control
framework is developed. Finally, the proposed system integration and control configuration are verified
by closed-loop simulations.

Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.

1. Introduction

Fuel cells are widely recognized as one of the most promis-
ing clean energy technologies of the future. The proton exchange
membrane (PEM) fuel cell is quite suitable for residential or auto-
motive applications [1], for the following reasons. (i) It can operate
at a relatively low temperature; (ii) it has relatively high power
density; (iii) its maintenance is simple. However, the efficiency
of the PEMFC is strongly affected by the unsteady hydrogen feed
flow, cell temperature, membrane dehydration and fast variations
in load. Developing a source of pure hydrogen is a commercial chal-
lenge. Liquid hydrocarbons such as methanol, ethanol, and gasoline
are usually treated as alternative hydrogen-rich fuel streams [2].
Notably, the methanol-fuelled reformer has been widely studied
for fuel cell applications.

Toward the development of a fuel reforming system, Lindstrom
and Pettersson [3] presented a compact methanol reformer for fuel
cell vehicles; Lattner and Harold [4] developed a kinetic reactor
model for autothermal reforming of methanol; Stamps and Gatzke
[5] modeled the packed-bed methanol reformer; Choi and Stenger
[6] proposed an integrated methanol reformer system to study the
hydrogen yield and economic profit, and Wang and Wang [7] used
a thermodynamic and exergetic analysis of a PEMFC stack system
with methanol reforming. Recently, Xu et al. [8] explored the energy
efficiency of a methane reforming system with heat integration. In
fact, the methane-fuelled reforming system has been inadequately
incorporated into the PEMFC system because of restrictions on
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operating temperature and pollutant emissions. In our opinion, an
integrated power generation system should depend on the synergy
between heat integration and control design.

With respect to the fuel cell control problem, Lauzze and
Chmielewski [9] provided a set of feedback structures, includ-
ing power, temperature and relative humidity controllers; Woo
and Benziger [10] showed that the proportional-integral-derivative
(PID) control could accelerate the response of a PEMFC system to
satisfy the load demand; Methekar et al. [11] adopted the multi-
input multi-output (MIMO) PI control framework to control of the
power density and temperature of a distributed parameter model
of fuel cell systems, and Wu et al. [12] indicated that the MIMO con-
trol structure can ensure the highly efficient control performance
when a low-order and simplistic model of the PEMFC systems is
considered. However, the models-based predictive control schemes
are adopted to improve the control performance by using the
fuzzy Hammerstein model [13] or neural network techniques
[14]. Moreover, fuzzy control schemes [15,16] and fuzzy neural
networks [17] have been successfully applied to many fuel cell
systems.

This article introduces the kinetics and modeling of fuel pro-
cessing units (FPUs), including a methanol reformer (MR), heat
exchangers (HEX), a water gas shift (WGS) reactor, and a preferen-
tial oxidation (PROX) reactor. In the proposed system configuration,
the inlet methanol flow can influence the amount of hydrogen
produced, and the countercurrent flow of water by virtue of heat
exchange connections can improve energy utilization and reg-
ulate the stack temperature. Furthermore, the multi-loop fuzzy
incremental control framework ensures the satisfactory tracking
performance and reliability of the proposed heat-integrated system
according to the closed-loop simulation.
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Fig. 1. Individual PEMFC stack system with cooling device.

2. PEMFC stack system

A Ballard 5 kW PEMFC stack system was constructed using the
empirical-type model [18,19], which consists of 35 cells in series.
Regarding the individual PEMFC stack system shown in Fig. 1, pure
hydrogen is fed to the anode, excess hydrogen gas is re-circulated,
and the stack temperature is changed by a heat exchange system
with circulating water.

2.1. Anode and cathode flow models

Based on the assumption that all gases are ideal, the principles
of mole conservation can be used to model the reactant flows at the
anode and the cathode:
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where ṅFC
H2,in

and ṅFC
O2,in

are the hydrogen and oxygen inlet mole

flow-rates, respectively. Notably, the inlet hydrogen flow-rate usu-
ally varies with the amount of hydrogen supplied, and the oxygen
flow-rate can be determined by multiplying the air inlet flow-rate
by the mole fraction of oxygen in air (21%).

2.2. Thermal model

The energy balance of the stack system is determined by the
total power converted by the fuel H2 into electricity, the power con-
sumed by the electrical load, the rate of heat removal by the coolant,
Q̇cool , and the rate of heat loss at the stack surface, Q̇loss. The dynamic
model is described by a couple of first-order differential equations:
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where
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Tc,in and Tc,out are the inlet and outlet water temperatures, respec-
tively. ṁcw is the mass flow-rate of water; �w is the density of water;
Vw is the volume of the heat exchange system, and T is the stack
temperature.

2.3. Polarization curve model

The polarization curve is generally used to specify the relation
between the cell voltage Vfc and current density I. When a cell deliv-
ers power to the load, the load voltage E is reduced by the voltage
drop, comprising of the activation overvoltage Vact and the ohmic
overvoltage Vohm. The output voltage of a single fuel cell is given by

Vfc = E − Vact − Vohm (4)

(i) The open-circuit cell potential E is, as determine by the Nernst
equation, given by

E = 1.229 − 8.5 × 10−4(T − 298.15) + RT

2F
ln [PH2 (PO2 )0.5] (5)

(ii) With respect to the dynamics of the activation overvoltage Vact,
the first-order dynamic accounting for the effects of double
layer capacitance charging at the electrode-electrolyte inter-
faces is described by

dVact

dt
= I

Cdl
+ Eact

RactCdl
(6)

where the activation resistance Ract = Vact/I; the activation drop
Eact is defined by

Eact = ˇ1 + ˇ2T + ˇ3T ln (CO2 ) + ˇ4T ln(I), (7)

and the parametric coefficients ˇ1, . . ., ˇ4 are expressed as

ˇ1 = −0.948
ˇ2 = 0.00286 + 0.0002 ln (Afc) + 4.3 × 10−5 ln (CH2 )
ˇ3 = 7.6 × 10−5

ˇ4 = −1.93 × 10−4

(8)

with

CO2 = 1.97 × 10−7PO2 exp
(

498
T

)

CH2 = 9.174 × 10−7PH2 exp
(−77

T

) (9)

Notably, CO2 is the oxygen concentration at the cath-
ode/membrane interface and CH2 is the hydrogen concentra-
tion at the anode/membrane interface.

(iii) The ohmic overvoltage is given by,

Vohm = IRint (10)

where the internal resistance Rint, obtained by the empirical
analysis, is written as,

Rint = rMlm
Afc

(11)

and the membrane resistivity rM is given by

rM = 181.6[1 + 0.03(I/Afc) + 0.062(T/303)2(I/Afc)2.5]
[11.866 − 3(I/Afc)] exp[4.18((T − 303)/T)]

(12)

According to Eqs. (1)–(12), a single fuel cell is affected by
current density, cell temperature, hydrogen and the partial
pressure of oxygen. Table 1 presents parameter definitions and
values of a Ballard 5 kW PEMFC stack system. Since all cells are
in series, the total voltage for the stack is given by

Vstack = 35Vfc (13)
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