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Modern internal combustion powertrains are the main source of propulsion for on-road
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cell-equipped alternative propulsion systems. The article presents a study of fuel cell
characteristics operating under both static and dynamic conditions, with a 1.2 kW fuel cell
set with a voltage converter and lead-acid batteries. In the conducted tests, the fuel cell
stack's maximum efficiency reached 65%. Load tests (static and dynamic) have indicated
higher fuel cell efficiencies when using hybrid operation with a DC/DC converter and

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Environmental protection requires continuous ef-
forts to reduce the adverse impact of transportation
means. The transportation propulsion systems are
mostly equipped with internal combustion engines as
sources of energy. Stringent emission standards are
causing traditional internal combustion engines to be
increasingly replaced by alternative vehicle propul-
sion systems. Stage V emission standards for non-road
vehicles (especially rail vehicles) were introduced by
Regulation 2016/1628 [25], which regulates require-
ments for gaseous and particulate emissions limits and
approval for internal combustion engines for non-road
mobile machinery. The regulation replaced Directive
97/68/EC [5].

Automotive and rail vehicles with hybrid propul-
sion systems are increasingly replacing conventional
powertrains. The most widespread hybrid propulsion
system combines an internal combustion engine with
electric propulsion and batteries (HEV) with diversi-
fied energy management systems [3, 17, 26]. The
extensive possibilities of hydrogen production and
storage [2, 19, 24] also result in hybrid drive systems

being equipped with fuel cells, electric motors and
batteries (FCHEV) [1, 8, 21]. The aforementioned
alternative propulsion systems are used in cars and
non-road - rail vehicles [6].

Passenger cars’ powertrain systems equipped with
fuel cell stacks do not require significant battery pow-
er compared to the power of fuel cell stack, since fuel
cell stack power is several times greater than battery
power [20]. For instance, in the Toyota Mirai 1l, the
ratio of fuel cell stack power to battery power is
4.06:1 (128 kW:31.5 kW) [27, 28]. In the previous
generation of this vehicle model, the ratio was 4.47:1
(114:25.5) [16, 27]. The battery capacities of fuel cell
powertrains are comparable to those of traditional
hybrids equipped with an internal combustion engine
[22]. As an example, the battery capacity in the Toyo-
ta Mirai 1l is 1.24 kWh [27]. It means that the fuel cell
stack is the vehicle's main power source and the bat-
tery is used only under transient fuel cells stack opera-
tion and rapid acceleration conditions. Such condi-
tions require a rapid increase in power, which the
battery provides.

Rail vehicles may have different powertrain struc-
tures. Various power distribution in the propulsion
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system is possible depending on operating conditions.
The FC-Li-Bat rail vehicle presented by Ogawa et al.
[18] is equipped with a 100 kw PEM fuel cell stack
and 360 kW (36 kwWh) Li-lon battery. The 900-600 V
fuel cell stack weighs 1650 kg, and the mass of the
604.8 V battery is 1200 kg. One section of the vehicle
is equipped with a hydrogen propulsion system, and
the other with a battery powertrain. The total weight
of such a vehicle is 70 tons [9]. The study by Kang et
al. [15] used a fuel cell stack with a useful power of
250 kW and batteries with a 420 kW power. The nom-
inal voltage of the PEM fuel cell was 625 V, and the
battery electrical capacity was 662 Ah, which generates
996 kWh of energy at 1459 V [15]. It was found that
the highest efficiency of the hybrid system (about 55%)
is obtained when the battery state of charge is 73%.

Fragiacomo et al. [8] used a 150 kW fuel cell stack
weighing 404 kg in a simulation study of hybrid pro-
pulsion in rail vehicles. In addition, Kokam batteries
with an electrical capacity of 40 Ah and a single-cell
voltage of 3.7 V were used. A total of 15 kWh of en-
ergy was obtained. The system worked based on Max-
well ultracapacitors (UCAP, 48 pcs.) with a summary
capacity of 63 F and a voltage of 125 V. The highest
system efficiency of 48% was obtained using parallel
all three elements (FC + B + UCAP).

There are Europe-wide guidelines for hydrogen
fuel [23], hydrogen storage and refueling infrastruc-
ture [12, 13]. On 21 October 2022, the Regulation of
the Minister of Climate and Environment on Detailed
Technical Requirements for Hydrogen Stations was
published. This regulation implements Directive
2014/94/EU of the European Parliament and the
Council of 22 October 2014 on the infrastructure de-
velopment of alternative fuels [4]. Hydrogen stations
should meet the requirements following 1ISO 19880-1
and PN-EN 17127 [7]. Hydrogen station refueling
dispensers should meet the technical requirements of
ISO 19880-1, ISO 19880-2 and PN-EN ISO 17268
[11].

The above considerations make it advisable and
desirable to work on the study of hydrogen-powered
systems. All work on fuel cells contributes to the
green development of transportation means and the
reduction of harmful exhaust emissions. As a part of
the research, an experimental analysis of fuel cell
characteristics was undertaken and the results present-
ed in this article. The fuel cell was tested under static
and dynamic conditions.

2. Research methodology

2.1. Test stand

A test stand (Fig. 1) with a 1.2 kW hydrogen-
powered, air-cooled fuel cell was used to study the

static and dynamic characteristics of the fuel cell
stack. The Institute of Internal Combustion Engines
and powertrains of the Poznan University of Technol-
ogy owns the system. The station is fitted with 18 or
7.2 Ah lead-acid battery capacities, depending on the
circuit connection. In addition to testing the fuel cell
stack, the system also enables analysis of battery per-
formance and hybrid cooperation. Moreover is possi-
ble to determine the individual system elements effi-
ciency, for example, the voltage converter. The sys-
tem can be powered by internal or external hydrogen
storage. The detailed technical specifications of the
bench are given in Table 1.

PC and monitor

System control
Electronic load
Battery

DC/AC converter

Fuel cell

Hydrogen storage

Fig. 1. Heliocentris' Hybrid Energy Lab-System for fuel cell performance
analysis

The bench has an electronic load generation sys-
tem enabling an evaluation of the system in a configu-
ration with a fuel cell stack alone or with a voltage
converter and battery. The measurement system in-
cludes sensors for analyzing hydrogen flow and tem-
perature. Furthermore, the system provides infor-
mation about voltage and current on individual com-
ponents.

The study used a layout with a larger battery ca-
pacity of 18 Ah. A schematic diagram of the system is
shown in Fig. 2, and the basic equations for analyzing
fuel cell operation are included in 2.1.

Applying equations (1)-(5), the efficiency of most
components can be determined by analyzing the ener-
gy balance in a Sankey diagram (Fig. 3).
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Table 1. Technical data of Hybrid Energy Lab-System [10]

Fuel cell
Rated output w 1200
Rated current A 60
Operating voltage \Y 18-36
Hydrogen purity min 4.0
Permissible H; inlet bar 1-15
pressure
DC converter
Max output power W 1500
Max output current Aoc 55
Rated output voltage Vbc 24
Output voltage range Voc 21-30
Max input current Anc 60
Input voltage range Voc 18-36
Efficiency % 96
Inverter
Continuous output Wac 1500
power (50 Hz),
115 VAC (60Hz)
Inlet voltage Voc 21...30
Output voltage Vac 230
Efficiency % 93
Electronic Load Module
Max. continuous power W 1200
DC load current Apc 0-85
DC load voltage Vbc 0-80
Battery Module
Battery set 1 lead-acid 24V, (2x12V), 7.2 Ah
Battery set 2 lead-acid 24V, (2 x12V), 18 Ah

284W » DC Electronic Load
ow AC Load
Battery
2TwW
Charge
9 ow DC/AC Loss
System Operation
337
STTW 5W  DCIDC Loss
46'W FC Operation
pcioe Tl
49
420W 338W ) stack Heat (calc.)
Stack el.
1now Stack Loss H2 (calc.)
55 441
W
H2 Input Power
100

Fig. 3. Example Sankey diagram for power distribution when the system is
loaded with a current value of | = 10 A (red data: power percentage of
individual systems)

2.1. Scope and plan of research

Fuel cell stack testing was conducted using two
profiles:

a) static,

b) dynamic.
and using two load solutions:
system loads — DC,
the load of the fuel cell stack — FC.

The extensive analysis included tests for a system
containing a voltage converter and a layout without
a converter. Static and dynamic load profiles were
implemented for both configurations as well.
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1AC Load 1DC Load —||| 82% s0c (1)
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—1 1595 Op 204 11,5 A1 DC/DC Qut PFCM = UFC . (IFC — IFC Op) (2)
l l . 284V|v DC/DC Out
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! i = Hydrogen power
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¢
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Fig. 2. Schematic of voltage and current measurements of a fuel cell system with a voltage converter and batteries; according to the schematic symbolism,
the equations for further calculations of power and efficiency of the system components are shown
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Fig. 4. Fuel cell test system: a) fuel cell stack tests (designated FC); b) tests of system with DC/DC converter and batteries (designated DC)

The differences in the study of the stack only (Fig.
4a) and the system (Fig. 4b) equipped with a fuel cell
relate to their power supply. The cell module uses
additional power to supply the system (the so-called
operational current).

The differences in the tests carried out on the cell
stack and the system with an converter and batteries
are shown in Fig. 4.

3. Analysis of fuel cell operation

Fuel cell testing was carried out according to the
plan presented in Section 2.1. Analyses were made of
the fuel cell stack and system performance under stat-
ic and dynamic loading (Fig. 5).

Static load refers to the interval-constant load val-
ues of the fuel cell and the system. Dynamic load cor-
responds to the load presented in work [14]. It charac-
terizes the urban dynamometer driving schedule
(UDDS) cycle. The internal combustion engine load
values were scaled to the fuel cell stack current load.

35

—— Static

30 ——Dynamic
2 n 1 1 1 L
<
T 20
©
8 Y
(@}
215 / |

10 :

5

0 T T T T T T

0 100 200 300 400 500 600 700

t[s]

Fig. 5. Profile of static (blue line) and dynamic (black line) loading of the
system and fuel cell

The first case analyzed involved loading the fuel
cell stack without a voltage converter. This approach
made it impossible to charge the battery. The assigned
load affected only the fuel cell stack. The second case
involved loading the system (including the voltage
converter). This approach results in a much smaller
load on the fuel cell itself. The static load results are
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shown in Fig. 6, which shows that the load on the fuel
cell is about 6-8 A less for the system and not the fuel
cell stack itself, assuming the same load conditions.

45
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35
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Fig. 6. Responses of the fuel cell (FC) and system (DC) during static load
implementation

Analyzing the effects of dynamic loading, a higher
current value was obtained for the configuration with-
out a DC/DC converter. High load causes the differ-
ences to reach values of more than 15 A. For small
changes — the differences are about 10 A (Fig. 7).

60

——Dynamic_FC
50 ——Dynamic_DC | |

0 | S

R ANVAY YRV
. // v

0 100 200 300 400 500 600 700
ts]

I Stack Out [A]

Fig. 7. Responses of the fuel cell (FC) and the system (DC) during dynam-
ic load implementation

Typical voltage-current characteristics are shown
in Fig. 8 and 9. Static or dynamic loading slightly
"modifies" the performance characteristics of the fuel
cell. It can be concluded that in both cases, the operat-
ing characteristics are comparable.

In addition, the load on the fuel cell or system it-
self does not affect changes in characteristics.

The use of equation (3) makes it possible to evalu-
ate the power of hydrogen to power a fuel cell. The
characteristics of hydrogen power from current are
linear in dependence during both static tests (Fig. 10)
and dynamic tests (Fig. 11). The points visible in both
figures beyond the area of typical system operation
are due to fuel cell stack purge. This means a loss of
energy with the hydrogen released into the atmos-
phere.
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Fig. 8. Current-voltage characteristics of the cell during static load imple-
mentation of the fuel cell alone (FC) and the system (DC)
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Fig. 9. Current-voltage characteristics of the fuel cell during dynamic load
realization of the fuel cell alone (FC) and the system (DC)
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Fig. 10. Hydrogen power characteristics with regard to fuel cell current:
during static load realization of the fuel cell itself (FC) and the system (DC)
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Fig. 11. Hydrogen power characteristics with respect to fuel cell current: during
dynamic load realization of the fuel cell itself (FC) and the system (DC)
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In both cases (static and dynamic tests), the load on
the fuel cell alone results in higher power values than
the system.

4. Evaluation of fuel cell performance under static
and dynamic conditions

Analysis of typical fuel cell characteristics has
made it possible to evaluate further the power ob-
tained from a fuel cell or a system.

Using equations (1) and (2), it is possible to evalu-
ate the power generated by a fuel cell or by a fuel cell
system.

The power of the fuel cell system is reduced by the
power determined as the product of the fuel cell volt-
age and the current drawn (lgc op). The description of
this item (lec op) Can be seen in Fig. 3 in the fuel cell
area. The determined system power is less than the
fuel cell's power under static conditions by about 50 W
(Fig. 12).

battery makes the power differences of the fuel cell
and the system the same.

1200
Module Power
1000 |
- 800 |
2
& 600
400 |
[stockpower || Micaue power
0 T T T T T T
0 100 200 300 400 500 600 700

t [s]

Fig. 13. Dynamic characteristics of the fuel cell (FC) and the system (DC)

with respect to the power of the fuel cell alone and the fuel cell system:

during the realization of the dynamic load of the fuel cell alone (FC) and
the entire system (DC)

1200
1000 |
S 800 Fuel Cell \
a Module Power
600 |
a0 [ staoc |
200 [ Fuel Cell
Module Power -
0 T T T
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t[s]

Fig. 12. Static characteristics of the power of the fuel cell (FC) and the

system (DC) in relation to the power of the cell itself and the fuel cell

module: during the implementation of the dynamic load of the fuel cell
itself (FC) and the entire system (DC)

Tests under dynamic conditions show much small-
er power differences between the cell and the fuel cell
system (Fig. 13). The differences are only a few watts
or so. This means that the fuel cell operating losses
are much smaller under dynamic conditions than un-
der static loading conditions.

Power differences during static and dynamic tests
were determined based on the equation:

Delta P = PFC — pFCM (7)

Data from static and dynamic tests were used to
determine the differences. The results of these anal-
yses are shown in Fig. 14. It shows that the power
differences are greater when testing the fuel cell
alone. Under dynamic conditions, the differences are
larger by about 10%. Under system test conditions,
compensation for the use of the converter and the

52 |
51 u
50 |'M
49 | ' i '
E 48 '
a
o 47 |
>z
[
[a]

46

45
44
43
42

Dynamic_DC Static_DC

Static_FC Dynamic_FC

0 100 200 300 400 500 600 700
t[s]

Fig. 14. Power differences under static and dynamic test conditions when
evaluating the fuel cell and system

Applying equations (4) and (5), the efficiency val-
ues of the fuel cell itself and the system were deter-
mined (Fig. 15). Analysis of the equations mentioned
above and their components indicates that the effi-
ciency of the fuel cell alone will be higher than that of
the system. Such assumptions have also been demon-
strated in empirical studies. The operating temperature
of the fuel cell during static testing remained about
10°C higher in the initial range of analysis. In the final
stage, the value of the difference was about 5°C, also
in favour of static testing. The maximum fuel cell
efficiency is 60% in the initial stage of testing and
decreases (by about 2%) with the course of load
changes. The efficiency of the cell stack is about eight
percentage points higher than that of the fuel cell sys-
tem.

Utilizing a voltage converter and its load
(Static_DC) indicates lower efficiency values for the
fuel cell stack and the system. The fuel cell stack
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shows an efficiency of 55-57%, while the fuel cell
system shows an efficiency of about 10-15% less.
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Fig. 17. Evaluation of cell and system efficiency under static conditions
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Fig. 15. Analysis of fuel cell and system efficiency during static testing

The timing analysis shown in Fig. 15 indicates that
the efficiency of the loaded fuel cell stack is initially
greater than the load on the converter and the fuel cell
stack. When increasing the load, the efficiency is the
same; when the load is very high, the efficiency of the
stack is higher while using the voltage converter. This
means that high static loads cause a reduction in stack
efficiency when the stack is directly loaded. Using
a voltage converter (and batteries) to work with the
fuel cell is more advantageous.

Dynamic load analysis indicates that loading the
fuel cell or voltage converter alone (Fig. 16) allows
similar efficiency values — about 57% on average.
Dynamic loading conditions indicate smaller efficien-
cy differences between the fuel cell stack and its sys-
tem.
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Fig. 16. Analysis of fuel cell and system efficiency during dynamic testing

Analysis of fuel cell efficiency in terms of hydro-
gen consumption indicates the existence of a local
maximum: at about 3 nl/min (n — normal liter per mi-
nute), stack efficiency reaches maximum values at
static load: 64% (Fig. 17).

based on hydrogen consumption

Similar efficiencies to the previous ones are ob-
tained during dynamic loading analyses (Fig. 18):
a maximum fuel cell stack efficiency of 65% was
obtained with a hydrogen consumption of about 2-3
nl/min.
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Fuel Cell
ModulgPower
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Fig. 18. Evaluation of cell and system efficiency under dynamic conditions
based on hydrogen consumption

Summary

In this research, the performance of fuel cells was
analyzed under static and dynamic conditions. The
two types of load profiles used for the study: reflect
the static loads (such as a rail vehicle) and the loads
resulting from operation under the conditions of typi-
cal passenger vehicle

Detailed analyses indicate the following conclu-
sions in terms of static load:

a) The maximum efficiency of the fuel cell is 60%
in the initial phase of testing and decreases (by
about 2%) with the course of load changes. The
efficiency of the fuel cell stack is about 8 per-
centage points higher than that of the fuel cell
system.

The use of a voltage converter and its load
(Static_DC) shows lower efficiency values for

b)

50
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the fuel cell stack and the fuel cell system. The
fuel cell stack achieves an efficiency of 55-57%,
while the fuel cell system achieves an efficiency
of about 10-15% less.

c) High static loads reduce the efficiency of the fuel
cell stack when it is directly loaded. It is more
advantageous to use a voltage converter (and bat-
teries) to work with the fuel cell.

Conclusions on dynamic load of fuel cell:

a) Dynamic load analysis indicates that loading

either the fuel cell or the voltage converter alone

results in similar efficiency values — about 57%
on average. Dynamic loading conditions indicate
smaller efficiency differences between the fuel
cell stack and its system.

The maximum efficiency of the fuel cell stack is
about 65% and occurs with hydrogen consumption in
the range of 2—-3 nl/min, which is 20-30% of the max-
imum hydrogen consumption during the conducted
tests. The minimum efficiency of the fuel cell stack
(regardless of static or dynamic tests) is not less than
40%.

Nomenclature

B battery

DC  system loads

DC/AC direct current/alternating current
etarc  stack efficiency

etarcm fuel cell module efficiency

FC fuel cell

FCHEV fuel cells hybrid electric vehicles

FCM  fuel cell module
FCop fuel cell operating
fl flow

H, hydrogen
Hy hydrogen heating value

Li-lon lithium-ion battery

p pressure

Pr2in  hydrogen pressure inlet

PEM proton-exchange membrane

Prc fuel cell power

Pecm  fuel cell module power

P hydrogen power

Stage V emission standards for non-road vehicles
U voltage

UCAP ultracapacitor

UDDS urban dynamometer driving schedule cycle
t time

HEV hybrid electric vehicles T temperature
I current
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