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Dynamic Modeling of a
Reformed Methanol Fuel Cell
System Using Empirical Data
and Adaptive Neuro-Fuzzy
Inference System Models

In this work, a dynamic MATLAB Simulink model of an H3-350 reformed methanol fuel cell
(RMFC) stand-alone battery charger produced by Serenergy® is developed on the basis
of theoretical and empirical methods. The advantage of RMFC systems is that they use
liquid methanol as a fuel instead of gaseous hydrogen, which is difficult and energy-
consuming to store and transport. The models include thermal equilibrium models of the
individual components of the system. Models of the heating and cooling of the gas flows
between components are also modeled and adaptive neuro-fuzzy inference system models
of the reforming process are implemented. Models of the cooling flow of the blowers for
the fuel cell and the burner which supplies process heat for the reformer are made. The
two blowers have a common exhaust, which means that the two blowers influence each
other’s output. The models take this into account using an empirical approach. Fin
efficiency models for the cooling effect of the air are also developed using empirical
methods. A fuel cell model is also implemented based on a standard model, which is
adapted to fit the measured performance of the H3-350 module. All of the individual parts
of the model are verified and fine-tuned through a series of experiments and are found to
have mean absolute errors between 0.4% and 6.4% but typically below 3%. After a
comparison between the performance of the combined model and the experimental
setup, the model is deemed to be valid for control design and optimization purposes.
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1 Introduction

Polymer electrolyte membrane (PEM) fuel cells have been
found to have a wide range of applications in both mobile and sta-
tionary systems. They do, however, have a problem with the
heavy and space consuming storage of its hydrogen fuel. This
being in the form of high pressure tanks or in liquid form at a tem-
perature below —252.87°C. A fuel which is liquid at ambient
temperature and pressure would be a great advantage. Methanol is
such a fuel and reformed methanol fuel cell (RMFC) systems are,
therefore, of great interest and the focus of this work is the
dynamic modeling of a H3-350 stand-alone RMFC battery
charger module developed by Serenergy®. The rated output power
of the module is 350W and the external dimensions are
279 x 204 x 595 mm, not including a fuel tank. The weight of the
module is 13.7 kg and more information about the module can be
found on the Serenergy® web page [1]. Figure 1 shows a picture
of an H3-350 module.

In an RMFC system, methanol is reformed into a hydrogen rich
gas in a reformer and fed to a fuel cell. The fuel cell uses some of
the hydrogen in the reformed gas and the other components of the
gas flow through the fuel cell stack as exhaust. Several different
reformation processes exist but the H3-350 module uses steam
reformation, where methanol and water is reformed on a suitable
catalyst at temperatures between 240 °C and 300 °C. Equation (1)
shows the steam reformation reaction [2]

Contributed by the Advanced Energy Systems Division of ASME for publication
in the JourNAL oF FUEL CELL SCIENCE AND TECHNOLOGY. Manuscript received
September 4, 2013; final manuscript received October 17, 2013; published online
December 4, 2013. Editor: Nigel M. Sammes.

Journal of Fuel Cell Science and Technology

CH30H + H,0 = 3H, + CO,(49.5 kJ /mol) 1

This is an endothermic reaction and requires an energy supply of
49.5kJ/mol. This is, however, not the only process which takes
place in the reformer. A methanol decomposition reaction also
takes place, according to Eq. (2)

CH;O0H = 2H, + CO(90.7 kJ /mol) @)

This reaction is less dominant and undesirable because it creates
carbon monoxide, which is harmful to PEM fuel cells. Some of
this carbon monoxide is removed by the water gas shift reaction
given in Eq. (3)

CO + H,0 = H, + CO,(—41 kJ/mol) 3)

The rate at which these reactions occur is dependent upon the tem-
perature of the reformer bed, the type and amount of catalyst pres-
ent, the relationship between the water and the methanol in the
fuel (steam to carbon ratio), and the fuel mass flow.

As previously mentioned, the carbon monoxide in the reformed
gas can be harmful to PEM fuel cells, in general, and low tempera-
ture PEM (LTPEM) fuel cells in particular. A gas cleanup stage,
therefore, has to be implemented in an RMFC system if an LTPEM
fuel cell is used [3,4]. The H3-350 module, which is the subject of
this work, therefore uses a high temperature PEM (HTPEM) fuel
cell, which has a higher carbon monoxide tolerance [5-7].

The HTPEM fuel cell in the H3-350 module is air-cooled and
the high temperature exhaust air is used to heat and evaporate the
fuel in a heat exchanger, which is known as the evaporator.
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Fig. 1 Picture of the integrated H3-350 RMFC stand-alone bat-
tery charger developed by Serenergy®

When a PEM fuel cell is operated on reformed gas where the
hydrogen is mixed with other gases, a constant flow of fuel
through the fuel cell is necessary. In addition, an anode over stoi-
chiometry is necessary to avoid starvation of the fuel cell, which
leads to degradation. In the H3-350 module this over stoichiome-
try is fed to a catalytic burner which then supplies all of the pro-
cess heat for the reformer. The temperature of the reformer is
controlled using a blower, which also supplies process air for the
burner. Each component is equipped with an electric heater,
which is used during the system startup procedure. Figure 2 shows
a diagram of the H3-350 module.

The highly integrated construction of the module means that
none of the module’s output power has to be used to heat, evapo-
rate, and reform the fuel. This leads to a higher system efficiency.
It does, however, lead to a higher system complexity and several
internally coupled energy flows. This means that constructing
accurate system models for control and optimization purposes
becomes more difficult, but yet more crucial.

In this work the development of a dynamic maTLAB Simulink
model is described as along with the identification methods used
to fill in the model parameters and the final model verification.

Some of the models are physical models which contain physical
values such as weight, heat capacity, mass flow, and energy flows.
But other models will be empirical models which contain non-
physical and physical parameters. This leads to a loss of general-
ity, which means some of the identification experiments must be
redone if changes are made to the module. This makes it hard to
use the model for physical model optimization. It is, however,
very useful for controller design and for an analysis of the
module’s performance at different operating points.

2  Modeling and System Identification

This section describes the structure of the developed MATLAB
Simulink model and the individual parts of the model, the identifi-
cation experiments, and the procedures used to identify the model
parameters.

2.1 Lumped Thermal Masses. The components of the sys-
tem are modeled as lumped thermal masses with energy flows
going to and from them. Figure 3 illustrates this concept for the
burner and reformer, which are modeled as two separate masses
connected by a temperature driven energy flow.

This method has the weakness that the temperature gradients
through the components of the system are not modeled. An analy-
sis of the model output will determine if it is sufficiently accurate
for control and optimization purposes. The temperature of the
reformer can be calculated as
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Fig. 2 Overview of the H3-350, with indication of the modeled temperatures, printed in black,
and the directly controllable parameters gathered to the left in the figure, printed in gray
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Fig. 3 Thermal model of the burner and reformer

Tr = J(Qbr - Qh‘r - Qrel'orm - Qt',l‘ + Ph‘r) - dt (4)
my - CPr

where m;, is the mass of the reformer and Cp, is the specific heat-
ing capacity of the reformer. Here, Qy, is the power transmitted
from the burner to the reformer through the bulk material, driven
by a difference in temperature and modeled as a first order relation
on the basis of experimental data. This is the only direct thermal
communication between the components of the module. In
Eq. (4), Py, is the heating power supplied by the electric heater
and Q. is the heat lost to the surroundings through conduction
through the insulation of the module. This is assumed to be the
only heat loss due to conduction. It is assumed that the fuel is
heated to the reformer’s temperature and Qj,, is the power needed
to do this. Finally, Qreform 1S the power used to reform the fuel.
The temperature of the burner can be calculated as

T, J(QHQ,]) + Octyomp — Onp — Quiry — Obr) - dt (5)

B my - CPb

where m;, is the mass of the burner and Cp;, is the specific heating
capacity of the burner, Qy, 5 is the power supplied by the burning
of hydrogen in the catalytic burner, and Qcp,on is the power
supplied by burning the methanol, which parses through the re-
former unreformed. It is assumed that all of the hydrogen and
methanol is burned. It is assumed that the gas going into the
burner is heated to the burner’s temperature and Oy, is the power
used to do this. Finally, Q.5 is the cooling effect of the air
supplied by the blower. The temperature of the fuel cell can be
calculated as

1 ) ) )

FC=—F7— [ (Pioss,rc + Pipc — Oneatic — QairFe — Oce) - dt
mrc - Cprc .

(6)

where mpgc is the mass of the fuel cell, Cpgc is the specific heating
capacity of the fuel cell, Pjo rc is the loss in the fuel cell which is
converted into heat, and P, rc is the heating power supplied by the
electric heater in the fuel cell. It is assumed that the gas parsing
through the fuel cell is cooled to the fuel cell’s temperature and
OheatFe 18 the power transferred to the fuel cell as a result of this
process. Here, Quirrc is the cooling power of the air from the
blower and Q. rc is the heat lost through conduction through the
module’s insulation. The temperature of the evaporator is
calculated as

1 . . .
T, = J (Ph.e + Qair,e - Qh,e - QcAe) ~dt 7

me - Cpe

where m, is the mass of the evaporator, Cp, is the heating
capacity of the evaporator, P, is the heating power from the
electric heater in the evaporator, Q. is the heat supplied to the
evaporator from the fuel cell exhaust air, Q. is the power used
to heat and evaporate the fuel coming into the evaporator, and
Q.. is the heat lost due to conduction through the module’s
insulation.
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Fig. 4 ANFIS model structure used in this work [9]

2.2 Modeling the Reforming Process. To be able to predict
the performance of the module, it is important to know the com-
position of the reformed gas under different conditions. By
observing the reactions in Egs. (1)—(3), it is determined that the
models should be of the mass flow of hydrogen, carbon dioxide,
carbon monoxide, and methanol which goes through the reformer
unreformed. From these models the mass flow of water can be cal-
culated. Here, mass flow is chosen to describe the gas flow but
molar flow could also be used. In this work a method based on
adaptive neuro-fuzzy inference systems (ANFISs), originally
developed in Ref. [8] is used. A more in-depth description of the
mass flow models and how they are constructed can be found in
Ref. [9], but a brief description of the models is given here.

An ANFIS is a neuro-fuzzy modeling approach which can be
trained on experimental data to behave like a physical system.
Figure 4 shows the ANFIS modeling structure used in this work.

The ANFIS structure consists of five layers. The first layer is
the fuzzyfication layer, where the crisp input signals are converted
into fuzzy variables by determining their degree of membership to
a number of fuzzy sets. Here, the fuzzy sets can be the terms high
or low temperature or low temperature or flow. Where the mem-
bership of a normal set can be described using crisp variables, 1
or 0, the membership of a fuzzy set is described using a fuzzy
variable which can take values between 1 and 0. The number of
membership functions associated with each input determines the
complexity of the models and, thereby, its ability to model nonlin-
ear correlations between the inputs and the output. The factors
which determine the shape of the membership functions are adapt-
ive and are changed during the tuning of the ANFIS models. Each
of the nodes in the second layer denotes the beginning of the cal-
culation of a fuzzy rule. In the second layer,the firing levels of the
different rules are determined. The firing level of a rule describes
to which degree the fuzzy input variables are high, i.e., to which
degree the inputs belong to the fuzzy sets in question. In the third
layer, the firing levels are normalized. The operations in these two
layers are nonadaptive. In the fourth layer, the contributions of
each rule to the output of the model is calculated. Each node in
the layer contains three adaptive parameters which are changed
during the tuning of the models. In the fifth layer, the contribu-
tions of the individual rules are summed to give the output of the
models.

A series of experiments where the fuel cell of the module is
replaced by a gas analyzer is performed. The gas analyzer used in
the experiment consists of four modules: a Siemens Fidamat 6
which is used to measure the methanol content in the gas, a Sie-
mens Ultramat which measures the carbon dioxide and carbon
monoxide content, and a Siemens Calomat 6 which measures the
hydrogen content.

The measurements were performed over a 26 h period with a re-
former temperature which is stepped from 240°C to 300°C in
increments of 10°C. At each temperature the flow starts at
200 mL, it is then changed to 250 mL, 300 mL, 350 mL, 400 mL,
and 450 mL. The flow is then returned to the starting point through
the same steps to investigate any hysteresis effects.
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Fig.5 Blower model, PWM to air mass flow

The inputs to the models are the reformer temperature and the
fuel flow because these are the factors which are expected to influ-
ence the gas composition. Different numbers of membership func-
tions have been tried and the results have been compared using
the mean absolute error (MAE), which is calculated as

1 n
MAE =~ 3 Je; 8
n i=1|e‘ ()

where e is the error between the measured and modeled values
and 7 is the number of samples. It can be hard to set a maximum
allowable MAE which applies to all models, since the complexity
of the variable which is to be modeled and the quality of the meas-
urements limits the accuracy of the models. The MAE of the mod-
els developed in this work is, therefore, assessed as the models are
developed.

It was found that using three membership functions has the best
balance between complexity and performance for the hydrogen
and carbon dioxide model. They display MAEs of 0.7% and
0.71%, respectively. For the carbon monoxide and methanol slip
models, four membership functions proved the best compromise,
yielding MAEs of 6.4% and 4.56%, respectively. The larger error
of these models is due to measurement noise but all of the models
are considered valid for use in the dynamic model.

2.3 Blower Models. To model the cooling effects of the
blowers it is important to know how much air is moved by the
blowers. This is complicated because the two blowers have a com-
mon exhaust and the flow of one blower affects the other. The
blowers are powered by the battery the module is charging. This
means that the supply voltage for the blowers changes with the
state of charge of the batteries. In addition, the correlation
between the speed of the blowers and the airflow is dependent
upon the pressure the blower works against, which is not meas-
ured in the physical system. The addition of extra pressure sensors
is undesirable, since it would increase the cost and complexity of
the module.

A series of empirical models are, therefore, constructed based
on identification experiments which cover the operating ranges of
the blowers. Figure 5 shows how these models are combined.

The first models F; and F4 calculate the rotational speed of the
blowers based on the battery voltage and the pulse width modula-
tion (PWM) signals, which are sent to the blowers by some con-
trol algorithm. Equation (9) shows the linear regression approach
used to determine the empirical factors in the following models:
-1

j T T

V=(¢"¢) "y ©)
Here, 9 is the vector of parameters which are to be determined, ¢
is a vector containing the measured values upon which the
model’s output is dependent, and y is a vector containing the
desired results.

021004-4 / Vol. 11, APRIL 2014

Models where the rotational speed of the blowers was depend-
ent on the battery voltage, the blower PWM signal, and the blower
PWM signal squared were found to give the best fit. These have
MAES of 1.17% and 0.98% and are deemed to be valid.

The next two models F», and F5 calculate the mass flows of the
blowers on the basis of their rotational speed when they are oper-
ated on their own. The mass flow, in kg/s, is found by measuring
the airspeed of the exhaust air and using the following equation:

Mair = Aexhaust * Vair * Pair (10)
where dexhayse 18 the area of the exhaust pipe measured in m2, Vair
is the airspeed measured in m/s, and p,;, is the density of the sup-
plied air in kg/m>. Models which use the rotational speed of the
blowers and the rotational speed of the blowers squared as inputs
were found to give the best fit. These have MAEs of 1.44% and
3.9%, respectively.

The F3 model calculates the total gas flow when both blowers
are on, using the same principle as the other mass flow models. It
is observed that this flow is always lower than the flow when the
two blowers are independently operated. It is assumed that the dif-
ference is distributed evenly between the two blowers and the
mass flow reduction ratio is calculated and the individual mass
flows are divided by it. Models where the rotational speeds of
both blowers and the rotational speeds of both blowers squared
are used as inputs were found to have the best fit. This model has
an MAE of 2.10%.

Based on the low MAEs of the individual submodels, the
blower models are deemed to be valid.

2.4 Electrical Fuel Cell Model. The fuel cell in the module
is of the HTPEM type and contains 45 cells with a surface area of
45.16 cm?® each. As mentioned in the Introduction, the HTPEM
fuel cells have a relatively high tolerance to carbon monoxide and
Serenergy® specifies that their fuel cells can be operated with car-
bon monoxide concentrations of up to 5% [1]. The gas composi-
tion experiments show that the highest carbon monoxide content
of the reformed gas is 1%.

The electrical fuel cell model used in this work is from
Ref. [10]. This model takes the cathode air stoichiometry, anode
hydrogen stoichiometry, carbon monoxide concentration, fuel cell
current, and fuel cell temperature into account. The output of the
model is the fuel cell voltage under the given conditions.

Using this model directly and comparing its output with the
fuel cell voltage measured in the experiments yields an MAE of
7.88%. The original model includes the effect of carbon monoxide
in the fuel, but it does not take into account the water content of
the reformed gas. Therefore, a term which is dependent on the
water content and the fuel cell current is developed using linear
regression. When this term is included, the MAE of the fuel cell
model becomes 0.4%. Figure 6 shows the measured and simulated
fuel cell voltage during a series of changes in the fuel cell current
and temperature.
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model term

The energy lost as heat in the fuel cell Pjy rc in Eq. (6) is mod-
eled as the difference between the lower heating value of the con-
sumed hydrogen and the output power. The hydrogen
consumption of the fuel cell, measured in kg/s, is calculated using

Neen - My,

I 11
2 F e (11)

My,FC =

where N is the number of cells in the fuel cell stack, My, is the
molar weight of hydrogen in kg/mol, F is Faraday’s constant
measured in C/mol, and Igc is the fuel cell current measured in A
or C/s. This equation is also used when calculating the gas compo-
sition of the anode exhaust gas.

2.5 Fin Efficiency Models. The maximum possible cooling
effect from an airflow is achieved if the air is heated to the tem-
perature of the item it is cooling. For the burner, this maximum
cooling effect is described by

Qair,bmax = (Tb - Ta) . Cpair . mair,b (12)
where T, is the ambient temperature, Cp,; is the heating capacity
of air, and n,;y, is the mass flow of the cooling air. In practice,
the temperature of the exhaust is lower than the temperature of the
burner. This difference can be modeled using a fin efficiency. In
this context fin efficiencies refer to the efficiency of the heat trans-
fer in the components. Fin efficiencies for the cooling air in the
fuel cell and the heating air in the evaporator also have to be
made.

It is, unfortunately, not possible to measure the exhaust temper-
atures independently and an empirical approach has, therefore,
been employed. In a series of identification experiments the mod-
ule is operated with a series of constant fuel cell currents. The
mass flows of the cooling air are then calculated on the basis of
the blower PWM signals and the blower models. Knowing that
the temperature is constant, the sum of the heating powers in
Egs. (4) and (5) must be equal to zero and the electric heater is
off. This yields the following expression for the cooling flow:

Qair,h = Q‘Hzﬁb + QCHgOH.b - Qh.r - Qrcform - QL‘,I‘ - Q.hcaLb (13)

All of the powers on the right-hand side of the equation can be
calculated using the models presented earlier in this work and the
actual cooling power can, therefore, be calculated. Fin efficiency
models can thereby be constructed using linear regression. A
model which uses the maximum cooling power and the maximum
cooling power squared as inputs are found to have the best fit.
This model displays an MAE of 6.2%, which is higher than most

Journal of Fuel Cell Science and Technology

of the MAE errors recorded in this work. This is most likely
because of the many calculated variables in Eq. (13).

A similar model is constructed for the fuel cell fin efficiency
using the fact that, in steady state, the powers in Eq. (6) equal 0
and the electric heater is off

Qair,FC = Ploss«,FC - Qh,FC - Qc,FC (14)
Again, a model which uses the maximum cooling power and the
maximum cooling power squared proves to give the best fit. The
MAE is 1.12%, which is deemed to be acceptable. By knowing
the cooling power in the fuel cell, the temperature of the fuel cells
exhaust air can be calculated. This is then used to construct a
model of the fin efficiency of the evaporator using a similar
method. A model which is dependent on the maximum heating

power and the maximum heating power squared is found to have
the best performance. Here, the MAE is 0.98%.

2.6 Heat Exchanger. The primary purpose of the heat
exchanger is to channel the gas flows between the components of
the system. In addition, it is used to transfer heat from the
reformed gas and the fuel cell anode exhaust to the evaporated
fuel. The lack of temperature measurements in the heat exchanger
means that it is difficult to model the heat transfer between the gas
flows, but the channels are only a few cm long and their effect is,
therefore, expected to be small. Therefore, the thermal transfer
rates are set to low values. The experiments seem to confirm this,
but measurements of the flow temperatures in and out of the heat
exchanger would make it possible to improve the heat exchanger
model in the future.

2.7 Model Overview. The models presented in the previous
sections of this work are combined into a dynamic MATLAB
Simulink model. Figure 7 shows an overview of this model.

The model is divided into a series of subsystems representing
each component of the H3-350 module. The subsystems contain
the various thermal and electrical models described in the previ-
ous sections. The inputs to the model are the externally controlla-
ble factors, which are: the blower PWM signals, the fuel pump set
point, the power for the electric heaters, and the fuel cell current
set point. This means that the controllers developed using the
model will have the exact same outputs as the controllers which
are to be implemented in the H3-350 module. The temperatures,
which can be measured in the real system, are logged in the simu-
lation for comparison as along with some temperatures and flows
which cannot be measured. These can then be used to analyze the
performance of the module in a more detailed way than what is
possible without a model.

3 Model Validation

The validity of the models developed in this work is assessed in
this section. First, the MAEs of the individual models are summar-
ized and then the performance of the complete model is evaluated.

The MAE of the models presented in this paper are summed up
in Table 1.

As the table shows, most of the models have MAEs below 5%.
The exceptions are the carbon monoxide mass model and the
burner fin efficiency model. The relatively high MAE of the car-
bon monoxide model is due to noise in the measurements. That of
the burner fin efficiency model is most likely due to the many
calculated variables in Eq. (13) upon which it is based.

To investigate the validity of the dynamic model, a series of
load changes are performed on the H3-350 module and replicated
in the dynamic MATLAB Simulink model. In the experiment the
fuel cell current, which is the controllable parameter, starts at
14 A and is then stepped to 10 A, then back to 14 A, and, finally,
up to 16 A. These operating points are chosen because they span
the entire operating range of the module. Figure 8 shows the fuel
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Fig.7 Screen shot of the model implemented in Matlab Simulink

Table 1 The mean absolute errors (MAEs) of the models pre-
sented in this work

Model MAE (%)
Hydrogen mass flow 0.70
Carbon dioxide mass flow 0.71
Carbon monoxide mass flow 6.4
Methanol mass flow 4.56
Fuel cell blower speed model 1.17
Burner blower speed model 0.98
Fuel cell blower mass flow model 1.44
Burner blower mass flow model 3.9
Total blower mass flow model 2.10
Fuel cell voltage model 0.4
Burner fin efficiency model 6.2
Fuel cell fin efficiency model 1.12
Evaporator fin efficiency model 0.98

cell current, fuel cell temperature, and reformer temperature
during the experiment and the simulation.

The fuel cell temperature of the model and the experiment are
very similar through all of the load changes. The amplitude and
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frequency of the oscillations are similar and the thermal model of
the fuel cell is considered valid.

The oscillations in the reformer temperature of the model and
the experiments also have some similarities when it comes to the
amplitude and frequency of the oscillations. There are, however,
some differences. When a positive step in the fuel cell current is
performed, the reformer temperature in the model drops due to the
larger fuel flow into the reformer at this operating point. In the
experiment the temperature increases a little and then drops. This
is most likely due to the fact that the burner and reformer are mod-
eled as thermal masses with no internal temperature gradients. In
the H3-350 module the temperature sensor is placed in the bulk
material next to the reformer but between the burner and the
reformer, as illustrated in Fig. 9.

The delay before the reformer temperature drops is most likely
due to the time it takes for the cooling effect to reach the sensor.
The larger drop in the reformer temperature after the short
increase is most likely due to integrator windup in the temperature
controller achieved during the short increase in reformer tempera-
ture. The reformer and burner models are considered to be valid
for controller design even though they display some differences
compared with the experimental results. This is because the oscil-
lations in the model are similar in amplitude and frequency to
those of the experiment.
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and the real system to the same change in fuel

such as those of the fin efficiencies and the gas composition, are
empirical models. This means that they cannot be used to analyze
the effect of physical changes to the module.
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Fig. 9 lllustration of a possible explanation for the drop in tem-
perature observed in the model but not in the experiments

4 Conclusion

A dynamic MATLAB Simulink model of an H3- 350 reformed
methanol fuel cell module produced by Serenergy has been
developed in this work. The purpose of this model is to aid in the
design of the controllers for the module and analyze the internal
unmeasurable states of the module.

The components of the module have been modeled as lumped
thermal masses and adaptive neuro-fuzzy inference system mod-
els of the gas composition have been presented. Blower models
and fin efficiency models have been constructed using a series of
physical and empirical methods such as linear regression. A fuel
cell model has been constructed based on a modified version of
the one presented in Ref. [10]. The accuracy of the individual
parts of the model has been individually verified as part of the
design process. Finally, the functionality of the model has been
demonstrated by comparing the results of the simulations with the
results of the experiments performed on the module.

It is concluded that the model is valid for the purpose of con-
troller design and for the analysis of the internal unmeasurable
states of the module, even though there are some differences
when the reformer temperature is observed. Some of the models,
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Several steps can be taken to improve the accuracy of the mod-
els. The fuel cell will change performance characteristics over
time and this could be included in the model. This also applies to
the reformer, which is important because it leads to a lower rate of
fuel reforming and thereby, a lower hydrogen production. This
introduces a risk of fuel cell anode starvation if measures are not
taken to keep the anode stoichiometry constant.

The parameters of the heat exchanger model would benefit
from tuning based on measurements of the flow temperatures in
and out of the heat exchanger, which are not currently available.

A new versmn of the H3-350 module is being developed by
Serenergy®™ which has a slightly different construction. The model
could be adapted to fit this new version.
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