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Abstract. In order to investigate basic output performances of PEMFC (Proton Exchange
Membrane Fuel Cell) stack, a dynamic model of PEMFC stack has been developed by
combining electrochemical sub-model and thermodynamic sub-model. With necessary
validation, it demonstrates that modelling results and experimental data are in very good
agreement in terms the U-I curve and power output. By applying the dynamic model to analyse
performance outputs of PEMFC stack and applying the model for FC-Hybrid vehicle
powertrain configuration, it demonstrates that improved PEMFC quality with increased
maximum current density could increase the peak power output and also increase the working
efficiency, although the increase of peak power is not linear relation with the increase of
maximum current density. Higher working temperature of PEMFC would benefit the increases
of both peak power output and efficiency. Compared to working temperature, ambient
temperature’s increase could also make positive influence on power output and efficiency,
though the influence is weak. Coupling the dynamic model with a powertrain model of FC-
Electric hybrid vehicle, the analysis suggests that both PEMFC stack and battery stack should
have similar size for general driving condition. Too big either PEMFC stack or battery stack
would increase the total weight then contaminate the fuel/energy economy.

1. Introduction

Along with the commercialisation of ground electric vehicles including hybrid vehicles and battery
vehicles, the development of FCVs (Fuel Cell Vehicles) has been rapidly accelerated in recent years.
Toyota Mirai, Honda Clarity, Hyundai ix35 PEMFC have been sold for several years. Compared to
plug-in battery (hybrid or pure battery) electric vehicles, it is boosted that FCVs have obvious
advantages for using more clean energy [1, 2].

Researches around fundamentals of fuel cells have been carried out widely and deeply in both
academic and industrial fields, with both advanced experimental methods and numerical simulations.
For meeting the product development of FCVs, more and more works for the FC powertrain
configuration and the integration with other relating systems are urgently required, in terms of
improved power density, cell durability, more effective catalyst loading, manufacturing cost reduction,
and so on [3, 4]. While a comparable driving range as compared to HEVs (Hybrid Electric Vehicles,
normally with combustion engines) and BEVs (Battery Electric Vehicles) is currently very important
from the customer’s viewpoint, fuel consumption or energy consumption is always the firstly critical
factors for vehicle developers.
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As there exist highly coupled, non-linear transport phenomena and electrochemistry in fuel cell,
modelling therefore plays an important role in giving an understanding of what is happening inside a
cell where the typical length scale of a few microns to millimetres poses some difficulties on
experimental work. In addition to wide CFD (Computational Fluid Dynamic) investigations to internal
flows and external cooling systems [5, 6], various control models [7, 8] and dynamic models [9, 10]
have been developed and applied for studying some fuel cell components’ performances or entire
stack systems’ operating performances.

It is therefore the objective of this study to build a dynamic model of PEMFC stack which can be easy
to couple with FCV powertrain model for exploring the powertrain’s working performances under
various design and operating conditions.

2. Model description

2.1 Model structure and sus-models

The dynamic model of PEMFC stack mainly consists of two main sub-models, electrochemistry and
thermodynamic models. As shown in Figure 1, the electrochemistry includes Nernst potential model,
ohmic losses, concentration losses and activation losses. The thermodynamic model combines mass
and energy conservation, heat transfer, water management, etc.

2.2 Model validation
To validate the dynamic model of PEMFC stack, experimental data based on a 2 kW Horizon PEMFC
stack have been used. The test system is shown in Figure 2.

PEMFC
controller

SCU

ON/OFF
I-
[r Load
» —— Air supply
] b———— FExhaust
H: purge valve
Figure 1 PEMFC dynamic model structure Figure 2 Fuel cell stack and test system

From the results shown in Figure 3, it demonstrates the modelling output for the U-I curve and power
output as function of current. When the model can produce a very reliable results which are in very
good agreement with the experimental data, as reflected on U-1 curve and power output, it suggests the
model can be used to simulate PEMFC output with adequate confidence.

3. Results and discussion

Based on successful validation to the dynamic model, PEMFC output performances and effects of
some design parameters and operating parameters were studied with the model. In the final section of
‘Results and Discussion’, the PEMFC dynamic model is used for coupling with a FC-Electric hybrid
vehicle model to examining the optimal integration between PEMFC stack and battery stack.

3.1 FC Stack performances
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Applying PEMFC (Proton Exchange Membrane Fuel Cell) stack to vehicle powertrain, it is more
concerned of the fuel consumption rate and powertrain energy efficiency. As shown in Figure 4,
modelling results of SHC (Specific Hydrogen Consumption) and efficiency as function of power
output of fuel cell stack are presented and compared with experimental results. Basically, the fuel cell
stack’s efficiency is following the variation of the voltage and with some similar trend. At the peak
power point, the efficiency is about 40%, which is very similar as diesel engines’ efficiency of peak
power.

But the efficiency at part-load is much higher than full load, and it reaches the max value while the
power output is going down to the point close the idle condition. Based on this, the specific hydrogen
consumption is lower under low load condition than high load condition.

In terms of the comparison between experimental results and modelling results, it shows the model has
produced very successful prediction for the efficiency. Although for the hydrogen consumption rate,
there is some small gap between experimental data and modelling results at some power value, it has
very good agreement for the trend.
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Figure 3 Model validation result Figure 4 SHC (Specific Hydrogen Consumption)

and efficiency as function of power

3.2 Effects of design parameters

For this case, three kinds of PEMFC with different maximum current densities 0.5 A/cm2, 1.0 A/cm2
and 1.5 A/lcm2, respectively, are compared. As different current density reflects different design and
manufacture quality, the higher the current density is, the higher the power output produces for the
same fuel cell size.
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Figure 5 Effects of fuel cell quality on outputs of Figure 6 Variation of efficiency as function of
voltage and power power with different fuel cell quality

The voltage and power outputs as function of the current density are demonstrated in Figure 5. From
U-l and Power-I curves, it can be found, although higher maximum current density can result in
voltage output at higher current and make the maximum power output higher, the increase of power
output is not linear as the increase of maximum current density. From 0.5 to 1.0 to 1.5 A/cm2 of
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maximum current density, the peak power outputs are 1.97 kW to 2.69 kW to 3.00 kW. The
efficiencies for three different current density are presented in Figure 6. From the results, it suggests
that efficiencies at the peak power point get apparent reduction with the increase of maximum current
density. With 0.5 A/cm2 of maximum current density, the efficiency at the peak power of 1.97 kW is
about 41.16%. But it decreases to 34.64% at 2.69 kKW for 1.0 A/cm2, and to 32.02% at 3.00 kW for 1.5
Alcm2.

If keeping all of those three maximum current densities working at 41% of efficiency, the power
output can increase from 1.97 kW to 2.50 kW and 2.67 kW, respectively.

3.3 Effects of operating parameters

To find how the working temperature influences the output performances, the simulation has been
carried out with the dynamic model and results are presented in this section. As shown in Figure 7 and
Figure 8, the results are produced by just changing the working temperature but keeping other
parameters constant. From the U-1 curve, it shows that under low current condition, the voltage output
keeps decrease with the increase of working temperature. This is mainly due to increased working
temperature making the activation losses increased. Under high current condition, higher working
temperature makes the concentration losses reduced, resulting in higher voltage output. Then this is
beneficial for some obvious increase of peak power output. For 30, 65 and 100 °C of working
temperature, the peak power output can increase from 1.79 to 1.97 to 2.14 kW, respectively.

In addition to the increase of maximum power output by increased working temperature, the working
efficiency has also apparent increased under high load condition. As presented in Figure 8, the
efficiency at maximum power output point (1.79, 1.97 and 2.14 kW) are 38.31%, 41.16% and43.79%,
respectively. If keeping the fuel cell stack working under 45% of efficiency, the power outputs are
1.64 kW, 1.87kW and 2.12 kW, respectively, for three working temperatures.
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The next case is for changing ambient temperature but keeping other parameters constant. As shown in
Figure 9, the voltage output will have slight increase with increased ambient temperature, this should
be due to reduced ambient temperature reducing heat losses from the PEMFC stack to cooling air.
Then from -20 to 40 °C, the maximum power output can increase from 1.94 kW to 1.99 kW, about
2.58% increase rate. As shown in Figure 10, effects of ambient temperature on PEMFC efficiency
can’t be also ignored, in particular under part-load conditions where are the general working area of
road vehicles. For instance, if the ambient temperature increases from -20 °C to 40 °C at 1 kW, the
efficiency can increase from 52.23% to 53.61%, with an increased rate of about 2.64%. At the peak
power point, the efficiencies are 40.53% and 41.30% for -20 °C and 40 °C, respectively.

3.4 Application on vehicle performance analysis

By applying the dynamic model of PEMFC stack into vehicle powertrain model, different hybrid
configurations (FC-Electric), as shown in Figure 11, were explored. The top configuration is more like
current passenger FCV as developed in Toyota Mirai. The vehicle model can also consider other cases,
such as plug-in hybrid (FC-Electric) as shown as the middle one in Figure 11, and much bigger battery
stack as shown as the bottom one in Figure 11. By analysing the hybrid configuration detail with the
vehicle powertrain model, coupled with the PEMFC dynamic model, the optimal integration between
PEMFC stack and battery stack has been produced, as shown in Figure 12.

As shown in Figure 12, in order to achieve the lowest fuel/energy consumption, the optimal
integration between PEMFC stack and battery stack is about 50 kW battery size and 60 kw PEMFC
stack, for the analysed vehicle case. To increase either PEMFC stack size or battery stack size would
make the powertrain too heavy, then increase fuel/energy consumption. If the battery pack is too small,
the fuel/energy consumption would also increase because of the lack of adequate energy regeneration.
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4. Conclusions
In this reported research, a dynamic model of PEMFC stack has been developed by combining
electrochemical sub-model and thermodynamic sub-model. The validation demonstrates that
modelling results and experimental data are in very good agreement in terms the U-1 curve and power
output. By applying the dynamic model to analyse performance outputs of PEMFC stack and applying
the model for FC-Hybrid vehicle powertrain configuration, the following conclusions have been
derived.

e Improved PEMFC quality with increased maximum current density could increase the peak power
output and also increase the working efficiency, although the increase of peak power is not linear
relation with the increase of maximum current density.

e Higher working temperature of PEMFC would benefit the increases of both peak power output
and efficiency.

e Compared to working temperature, ambient temperature’s increase could also make positive
influence on power output and efficiency, though the influence is weak.
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e Coupling the dynamic model with a powertrain model of FC-Electric hybrid vehicle, the analysis
suggests that both PEMFC stack and battery stack should have similar size for general driving
condition. Too big either PEMFC stack or battery stack would increase the total weight then
contaminate the fuel/energy economy.

5. Recommendations for the future research — a). the model can be optimised to include different
cooling conditions, such as air cooling and water cooling. b). the model can be improved to consider
possible leaking of hydrogen, because it has been found hydrogen leaking is an important factor for
influencing hydrogen consumption rate in practical PEMFC vehicles.
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