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Abstract

The world’s future energy supply will include intermittent
renewable sources, such as solar and wind power. To guar-
antee reliability of supply, fast-reacting, dispatchable and
renewable back-up power plants are required. One promis-
ing alternative is parked and grid-connected hydrogen-pow-
ered fuel cell electric vehicles (FCEVs) in ‘‘Vehicle-to-Grid‘‘
systems. We modified a commercial FCEV and installed an
external 9.5 kW three-phase alternating current (AC) grid
connection. Our experimental verification of this set-up
shows that FCEVs can be used for mobility as well as gener-
ating power when parked. Our experimental results demon-
strate that present-day grid-connected FCEVs can respond to
high load gradients in the range of –760 % s–1 to + 730 % s–1,

due to the parallel connection of the high voltage battery and
the fuel cell stack. Virtual power plants composed of multiple
grid-connected FCEVs could perform higher power gradients
than existing fast-reacting thermal power plants with typical
power gradients of 1.67 % s–1. Hydrogen consumption in
9.5 kW AC grid-connected mode was 0.55 kg h–1, resulting in
a Tank-To-Grid-AC efficiency of 43% on a higher heating
value basis (51 % on a lower heating value basis). Direct cur-
rent to alternating current efficiency was 95 %.

Keywords: Balancing Power Plant, Efficiency, Electrical
Energy Services, Fuel Cell Electric Vehicle (FCEV), Hydro-
gen, PEM Fuel Cell System, Spinning Reserve, Tank-To-Grid
(TTG), Vehicle-to-Grid (V2G)

1 Introduction

As shares of intermittent renewable energy sources increase
[1], stationary back-up power plants [1–5] will face even lower
utilization factors in coming years and require expensive
back-up power [1, 2, 6–8]. Passenger cars also face low utiliza-
tion factors and could be put to better use while parked. On
average, passenger cars drive 12,000 km per year at an aver-
age annual speed of 45 km h–1 [9]. They are parked 97 % of the
time. One promising alternative to stationary back-up power
plants is parked and grid-connected electric vehicles (EVs).
EVs are able to provide power to the grid while parked, which

is known as a ‘‘Vehicle-to-Grid‘‘ (V2G) system [10, 11]. The
combined installed power capacity of passenger cars is enor-
mous [12]. Every year, more than 80 million new cars are sold
worldwide. Van Wijk et al. [12] multiplied the number of cars
sold annually by 100 kW of future installed electric power per
car and calculated that 8,000 GW of power capacity in cars
would be sold each year. The installed power plant capacity
worldwide is only around 5,000 GW [12].

There are three types of EVs that are suitable for delivering
renewable power while parked: battery electric vehicles
(BEVs), plug-in hybrid electric vehicles (PHEVs) and fuel cell
electric vehicles (FCEVs) [10, 11]. This article focuses on FCEVs
for V2G use. Commercially available FCEVs use proton
exchange membrane fuel cells (PEMFCs) to convert hydrogen–
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into electricity and have a high voltage (HV) [13] battery con-
nected in parallel [14–16]. The battery is used for regenerative
braking and provides additional power for acceleration. This
combination of FC and HV battery is capable of delivering
almost every kind of electrical energy service [17], from balan-
cing to emergency power back-up [18], primary reserve
[10, 19, 20] or reconverting hydrogen from seasonal hydrogen
energy storage in underground salt caverns [18]. Hundreds of
grid-connected FCEVs sitting in parking lots could function as
local power plants [21] and balance entire cities and countries
[22], resulting in cost-effective balancing power for intermit-
tent power sources [23].

Brauner et al. [2] identified the following operational
requirements for balancing power plants in the future, once
high shares of intermittent renewables have been achieved,
and particularly in cases where large-scale pumped storage is
limited or unavailable:
(i) ability to perform high power gradients (‡ 0.05 % s–1 of all

plants in the grid combined);
(ii) ability to be operated at low minimal generation (e.g.,

15–20 % instead of 40 %);
(iii) high efficiency under partial load as well as nominal load

(e.g., 25 % instead of 50 % partial load);
(iv) high number of start-ups and shutdowns (e.g., 0.5 start-

ups and shutdowns per day instead of 0.25 start-ups and
shutdowns per day);

(v) ability to schedule cars in the face of an insecure day
ahead energy prognosis.

Brauner et al. stated [2] that, for a load gradient of
15 GW h–1 in the grid, approximately 25 GW of flexible power
plants with 0.0167 % s–1 of power capacity must be available
for the German electricity system in 2020. However, the
available capacity could be reduced to 8 GW, if an ability of
0.05 % s–1 could be achieved. Aeroderivative open-cycle gas
turbines and gas engines can reach 1.67 % s–1 under hot start
conditions [24–27], reducing the available capacity to 0.25 GW
– this amount corresponds to 25,000 cars at a rated capacity of

10 kW. Increasing the ability to perform high power gradients
reduces the number of power plants in hot standby and econo-
mizes energy [2].

Therefore, the question arises as to whether grid connected
FCEVs can fulfil these requirements. In order to gain insight
and answers to this question, in this study, we analyzed the
feasibility and operational performance of a commercial
Hyundai ix35 FCEV [14] modified for V2G purposes com-
bined with a 9.5 kW three-phase AC (alternating current) grid
connection [28].

2 Experimental

A number of FCEV manufacturers [15, 29, 30] are develop-
ing FCEVs capable of providing power to electric appliances
(Vehicle-to-Load, V2L), small grids or homes (Vehicle-to-
Home, V2H) [31], although none claim to have connected a
FCEV to a low-voltage national AC grid. At the Car as Power
Plant project at The Green Village in The Netherlands, we
modified a Hyundai ix35 FCEV to include a power outlet plug
and designed a discharge unit which connects the car to the
Dutch national electricity grid (see Figure 1). We have con-
ducted experiments with the car in idling mode (simulated
‘‘spinning reserve‘‘ mode) since January 2016. Since July 2016,
we have carried out further experiments with the car con-
nected to the grid and delivering 9.5 kW three-phase AC
power. We measured the performance of the FCEV in both
V2G and idling mode, by analyzing the data obtained from
various sensors, the discharge unit, and a data logger installed
in the car in MATLAB�.

The experimental set-up consisted of three main compo-
nents:
(i) a modified commercially available Hyundai ix35 FCEV

[14, 32] with a V2G DC (Direct Current) outlet plug;
(ii) a Vehicle-to-Grid DC-AC discharge unit (V2G-DCAC)

that converts DC power in the range of 300–400 V re-

Fig. 1 Experimental Fuel Cell Electric Vehicle-to-Grid (FCEV2G) set-up at The Green Village, Delft University of Technology, Delft, The Netherlands.

O
R
IG

IN
A
L
R
ES

EA
R
C
H

P
A
P
ER

650 ª 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim FUEL CELLS 18, 2018, No. 5, 649–662www.fuelcells.wiley-vch.de



Oldenbroek et al.: Fuel Cell Electric Vehicle-to-Grid: Experimental Feasibility and Operational Performance

ceived from the FCEV into three-phase AC power at
380 V. The power discharge setting can be manually de-
fined in the V2G-DCAC. DC switching safety and
grounding was incorporated in the V2G-DCAC unit;

(iii) a three-phase 380 V AC grid connection including fuses
and kWh meter.

2.1 Modified Hyundai ix35 FCEV for V2G Purposes

The modified Hyundai ix35 FCEV [14, 32, 33] has a 100 kW
FC on board. In parallel, an HV battery with Bi-directional
High-voltage DC-DC Converter (BHDC) is connected to the
HV Junction Box (HVJB) [32, 33]. These components and con-
nections are illustrated in Figure 2, which provides a scheme
of the electrical architecture of the FCEV and the modifica-
tions. The battery has an energy capacity of 0.95 kWh and a
maximum power output and input of 24 kW [33]. The electric
motor that powers the wheels has a maximum power of
100 kW. The modifications consisted of an extra parallel con-
nection in the HVJB for the DC outlet protected by a fuse [34]
and activated by a relay switch [35]. We replaced the front
bumper of the car with an adapted version to accommodate a
Type 1 SAE J1772 [36] socket (see Figure 3). We used the socket
for the DC connection to the V2G-DCAC discharge unit.
Finally, we installed a software update for the car along with a
dashboard activation button (see Figure 4) which also acti-
vates the Cold Shut Down procedure (CSD). We made no
further adaptions to the FCEV. We maintained the vehicle’s
road access permit, in accordance with the requirements of the
Dutch National Vehicle and Driving License Registration
Authority (RDW). We logged the FC and HV battery operating
voltage, current, and other power system-related parameters
at a frequency of 1 to 5 Hz using a CAN bus data logger [37].

2.2 Vehicle-to-Grid DC-AC Discharge Unit

We fitted every component of the V2G-DCAC unit in a
weather-proof enclosure, see Figure 5. Figure 6 illustrates the
simplified electrical architecture of the V2G-DCAC and its
main components. We connected the FCEV with the V2G-
DCAC via a Type 1 socket and cable with plugs. We mounted
a red-colored combined start-up and shutdown button which
must be unlocked with a key. Cooling fins on the back of the
enclosure enhanced possible heat dissipation for the three-
phase grid-tie inverter [38]. The DC input and AC output volt-
ages and currents were monitored every five minutes by the
inverter and sent to an internet server. We programmed an
Arduino shield [39] to establish a connection between the
FCEV power outlet and the three-phase AC grid connection.
The proximity detection and control pilot [36] and the lockable
start button served as inputs for the control logic. The Arduino
shield controlled the inverter, the DC relay, the three-phase
switches, the relay and the Red-Blue-Green (RGB) LED strip
indicating the current status. We installed a galvanic isolation
transformer between the three-phase switches and the AC grid
connection to prevent any stray voltage incidents [40].

2.3 AC Grid Connection

The three-phase 400 V AC grid connection included a
C-characteristic circuit breaker, a class B ground fault circuit
interrupter and an electricity meter.

2.4 Operation and Safety Fuel Cell Electric Vehicle-to-Grid

To commence delivering power to the grid, we start the
inverter and synchronize with the electric grid upon activating

Fig. 2 Scheme of electrical architecture of the FCEV and V2G modifica-
tion.

Fig. 3 V2G Type 1 Socket integrated in the front bumper.

Fig. 4 New dashboard V2G activation button also initiates Cold Shut
Down.
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the combined start-up and shutdown button. The inverter can
be started up either before or after connecting the V2G cable
and starting up the FCEV. To stop delivering power to the
grid, we first switch off the AC load, in this case by switching
off the inverter. The FCEV is programmed such that the V2G
DC HV relay [35] opens the instant we switch the FCEV in
V2G mode off or disconnect a load. This strict switch-off
sequence could be avoided by applying DC arc suppression
and contact protection [13, 41, 42].

2.5 Test Time, Start-up Time and Power Gradient Measurements

We drove the FCEV prior to performing each test and there-
fore only examined ‘‘warm starts‘‘ in V2G mode. During the
V2G tests, we elected to start the FCEV up before applying
any load (switching on the inverter), which enabled us to

monitor load-switching behavior. The data logger in the FCEV
was actively monitoring before any load was applied; there-
fore, the time during which the FCEV was switched on, ttest,
was always somewhat longer than the grid connection time,
tgrid. We calculated this as the difference between the end time
and start time of the V2G tests, using Eq. (1):

ttest ¼ tend � tstart (1)

This difference in test time with respect to the grid con-
nected time is called the grid connect/disconnect time, tGC/D.
The grid connect/disconnect time was partly defined by the
inverter start-up and grid frequency synchronization time
(approximately 1 min) and the user’s lingering time. We calcu-
lated this, using Eq. (2):

tGC=D ¼ ttest � tgrid (2)

We calculated the gross electric power, Pcomponent,e,gross, of
the component, either the FC or the HV battery, by the prod-
uct of the voltage, Ucomponent, and gross current, Icomponent,gross,
of the FC stack and battery every 0.2 s (5 Hz sample fre-
quency), using Eq. (3):

Pcomponent;e;gross ¼ Ucomponent � Icomponent;gross (3)

We measured the upward and downward power gradients
of the FC and HV battery in V2G mode. The power gradients,
DP Dt–1, are expressed in kW s–1 and were calculated, using
Eq. (4):

DPDt�1 ¼ Pcomponent;e;gross@tþ0:2s � Pcomponent;e;gross@t

� �
=0:2 s (4)

The power gradients are also expressed in % change of
maximum power per second % s–1, negative for downward
gradients and positive for upward gradients, as shown in
Eq. (5):

DPDt�1 ¼ DPDt�1=PV2G DC max (5)

The maximum V2G DC power, PV2G DC max was 10 kW.
Electric powers were measured every 0.2 s (5 Hz sample fre-
quency).

2.6 Efficiency FCEV2G and Hydrogen Consumption

The efficiency of the combined FCEV and V2G-DCAC sys-
tem is called Tank-To-Grid AC (T2G-AC) efficiency, hTTG-AC,
was calculated, using Eq. (6):

hT2G�AC ¼ EAC þ DEHV Batð Þ=EH2
(6)

where EAC is the three-phase AC electrical energy delivery to
the grid. DEHV Bat is the difference in HV battery energy. EH2

is
the hydrogen energy consumption, which we calculated,
using Eq. (7):

EH2
¼ DmH2

�HHV (7)

Fig. 5 V2G-DCAC unit connected to the FCEV.

Fig. 6 Simplified electrical architecture of the V2G-DCAC connecting
the FCEV to the AC grid.
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based on the hydrogen Higher Heating Value HHV of
39.41 kWh kg–1. We calculated the difference in HV battery
energy by multiplying the difference in State Of Charge,
DSOC, of the HV battery at the start and end of the test with
the maximum energy capacity, EHV Bat, max, of 0.95 kWh [33],
using Eq. (8):

DEHV Bat ¼ DSOC � EHV Bat; max (8)

This is a simplification of the HV battery characteristics
since capacity according to C-rate and temperature [43, 44],
but we were unable to take a more accurate approach, due to
lack of battery-specific information. Therefore, we included
the charging and discharging efficiency of the HV battery in
the hT2G-AC, as well as the BHDC conversion efficiency. We cal-
culated the hydrogen consumption, DmH2

, by the difference in
hydrogen density at the start and end of the test, rstart and rend,
multiplied by the fixed volume capacity of 0.144 m3 [14] of the
hydrogen tanks, Vtanks, on board, as shown in Eq. (9):

DmH2 ¼ Vtanks
� rstart ptanks;start;Ttanks;start

� �
� rend ptanks;end;Ttanks;end

� �� �

(9)

We calculated hydrogen density using measured hydrogen
tank pressures, ptanks,start and ptanks,end, and temperatures,
Ttanks,start and Ttanks,end, at the start and end of the test and
REFPROP software [45]. We calculated inverter efficiency,
hDCAC, by dividing the delivered AC Energy, EAC, by the
incoming DC energy, EDC, as shown in Eq. (10):

hDCAC ¼ EAC=EDC (10)

We calculated the Tank-to-Grid DC efficiency, hT2G-DC,
which may be considered an approximation of the efficiency
of the FC and HV Battery system, as per Eq. (11):

hT2G�DC ¼ hT2G�AC=hDCAC (11)

We calculated the hydrogen consumption rate, DmH2
Dt�1,

by dividing the hydrogen consumption obtained in Eq. (9) by

the duration of the test obtained in Eq. (1), as shown in Eq.
(12):

DmH2
Dt�1 ¼ DmH2

=ttest (12)

We obtained the hydrogen consumption in ‘‘spinning
reserve‘‘ mode [19], by keeping the FCEV in idling mode. In
the spinning reserve case, no power was delivered to either
the grid or the electric motor. The cabin heating and cooling,
entertainment, navigation devices and lighting were all
switched off. During the V2G tests, in addition to delivering
power to the grid, the FC and HV battery also deliver power
to the on-board devices which cannot be switched off manu-
ally, such as FC auxiliary components and instruments. All of
the calculated efficiencies include any hydrogen and HV bat-
tery energy use by the FCEV during the grid connect/discon-
nect time.

3 Results and Discussion

3.1 Selection of Tests

We have carried out experiments with the car in idling
mode (simulated ‘‘spinning reserve‘‘ mode), since January
2016. The duration of all ‘‘spinning reserve‘‘ tests was over
nine hours, which equates to more than 0.35 kg of hydrogen
consumption. Since July 2016, we conducted tests with the car
connected to the grid and delivering three-phase 9.5 kW AC
power. Although ambient conditions, such as temperature,
wind speed, wind direction and solar radiation can all influ-
ence the cooling of the FC in 9.5 kW AC V2G mode, we did
not investigate these factors for the purposes of this study. We
selected tests based on similar coolant temperature and pump
angular velocity behavior during the test. From the period
between July 2016 and April 2017 (see Table 1), we selected
eight V2G tests. The results of the V2G test conducted on
February 13, 2017 are used as an illustrative example through-
out this paper. Figure 7 shows the coolant temperature enter-
ing and leaving the radiator during the entire duration of the

Table 1 Maximum downward (fl) and upward (›) power gradients of the FC and HV battery expressed in kW s–1 and % s–1 of maximum power out-
put. Eight tests at 9.5 kW AC V2G conditions were performed and the values averaged.

# Date
/ DD-MM-YY

ttest
/ h:mm

tGC/D
/ h:mm

fl DPFC Dt–1

/ kW s–1
fl DPFC Dt–1

/ % s–1
› DPFC Dt–1

/ kW s–1
›DPFC Dt–1

/ % s–1
fl DPHV BAT
Dt–1 / kW s–1

fl DP HV BAT
Dt–1 / % s–1

fl DP HV BAT
Dt–1 / kW s–1

fl DP HV BAT
Dt–1 / % s–1

1 15-08-16 5:51 0:05 –43 –430 73 730 –77 –770 32 320

2 16-08-16 7:05 0:05 –48 –480 72 720 –76 –760 30 300

3 13-02-17 6:05 0:05 –47 –470 73 730 –78 –780 51 510

4 14-02-17 5:59 0:05 –53 –530 72 720 –74 –740 38 380

5 15-02-17 6:06 0:04 –47 –470 73 730 –76 –760 41 410

6 17-02-17 6:06 0:04 –46 –460 74 740 –77 –770 57 570

7 11-04-17 5:56 0:03 –48 –480 73 730 –77 –770 54 540

8 12-04-17 6:26 0:19 –42 –420 72 720 –76 –760 39 390

Mean –47 –470 73 730 –76 –760 43 430

Sample standard deviation 3 34 1 5 1 11 10 100
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February 13, 2017 test. Figure 8 shows a more detailed pattern
for the period between 6,000 to 7,000 s for the coolant temper-
ature difference and pump angular velocity. All eight V2G
tests selected showed similar coolant temperature and pump
angular velocity behavior and were characterized by a period
of an elevated pump angular velocity of up to 367 rad s–1 and
temperatures of up to 70 �C. Subsequently, the coolant tem-
peratures and pump angular velocity decreased and stabilized
to 60–64 �C and 157 rad s–1, respectively. The exceptions were
tests 5 and 8, in which there was a short period at the end of
the test with elevated coolant pump angular velocity and tem-
peratures.

3.2 Power Gradients

As an example, Figure 9 shows the gross electric power of
the FC and HV battery over a period of 6 h and 5 min of the
test on February 13, 2017. Figure 10 zooms into the period
from 7,000–8,000 s (1 h 56 min to 2 h 13 min). Although the
V2G AC output was fixed at a constant 9.5 kW, the FCEV

power management alternated between FC and HV battery
power. The FC delivered power to the grid and recharged the
HV battery. Figures 10 and 14 show that once the HV battery
reached an SOC of 57.5 %, the FC was switched off and HV
battery was discharged to an SOC of 42.5 %. The power man-
agement switched between FC and HV battery power. The
executed V2G measurements can therefore also be used to
analyze the power gradients of the FC and HV battery. The
results of the power gradient analysis are set out in Figure 11,
Figure 12 and Table 1. The mean maximum downward and
upward power gradients of the FC were –47 kW s–1 (–470 % s–1)
and +73 kW s–1 (+730 % s–1), respectively, at the sample fre-
quency of 5 Hz. Sample standard deviations are 3 kW s–1 and

Fig. 7 Coolant temperatures and pump angular velocity at 9.5 kW AC
V2G for the entire test duration of 6 h and 5 min on February 13, 2017.

Fig. 8 Pump angular velocity and coolant temperature difference for the
7,000 to 8,000 s period for the test on February 13, 2017.

Fig. 9 FC and HV battery gross electrical power for the entire test dura-
tion of 6 h and 5 min on February 13, 2017.

Fig. 10 FC and HV battery gross electrical power for the 7,000 to
8,000 s period for the test on February 13, 2017.

Fig. 11 Downward and upward power gradients of the FC and HV bat-
tery for the entire test duration of 6 h and 5 min on February 13, 2017.
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1 kW s–1, respectively. The mean maximum downward and
upward power gradients of the HV battery are –76 kW s–1

(–760 % s–1) and +43 kW s–1 (+430 % s–1), respectively, at the
sample frequency of 5 Hz. Sample standard deviations are
1 kW s–1 and 10 kW s–1, respectively. From these results, we
concluded that the FC and the battery in particular are capable
of responding many times faster than fast-reacting small-scale
(<60 MW) aeroderivative open-cycle gas turbines and gas
engines, with respective maximum values of 0.3 % s–1 for cold
start and 1.67 % s–1 for hot start [24–27]. General Electric’s
LM6000 Hybrid Electric Gas Turbine combines a fast-reacting
gas turbine with a large battery [46], which could be viewed
as a forerunner of even faster-reacting combined FC battery
balancing power plants. Combining the output of millions of
grid connected FCEVs would create so-called Virtual Power
Plants [47, 48] with – in theory – unlimited capacities and
could balance entire cities [23] and national electricity grids.
If the FC and HV battery power were combined, even
higher absolute downward and upward power gradients of
–123 kW s–1 and +116 kW s–1, respectively, could be achieved
(taking into account the 5 Hz sample frequency). Relative
power gradients in % s–1 can be tailored to the requirements of
energy services [17, 19, 20] by selecting different FC and bat-
tery power capacities.

The impact of additional V2G load ramps and different
power management strategies on the durability of the com-
bined FC and battery system is yet to be quantified. Many
studies focus primarily on V2G impact [49–54] on batteries in
BEVs, but little is known about how the V2G mode will
impact FC degradation in FCEVs.

It is estimated that, during a vehicle’s lifetime, the power-
train faces 300,000 full load power gradients (0–100% rated
power) [55]. Several studies show that start-ups/shutdowns
and high load cycles can reduce FC durability [56, 57]. In the
V2G mode experiments performed in this study, load ramps
were limited to approximately 10 kW, corresponding to only
10% rated power of the FC in the car, which is relatively small
in comparison to the full load ramps in driving mode.

Approximately 38,500 start-up/shutdown cycles take place
during the 5,500 h life of an FCEV [55]. If FCEVs were never

switched off and instead continuously used for either driving
or V2G energy services, start-up/shutdowns would be elimi-
nated. Additional degradation due to V2G load cycles (less
than 10 % rated power) could possibly be compensated for by
a reduction in start-ups/shutdowns. Furthermore, a smarter
power management system of both FC and HV battery could
be applied or ultra-capacitors introduced [58].

3.3 Start-up Time

FCEVs are already capable of cold start-up time to 50 % of
their rated power within ten seconds at an ambient temperature
of 20 �C and within 20 s at –20 �C [59]. In our V2G tests, using the
modified Hyundai ix35, we measured cold start-up times of less
than 5 s at ambient temperatures. Driving to cruising speed can
already be achieved within 11 s at –20 �C [60], which is compar-
able to V2G power of 10 kW (10 % of the rated FC power). The
newer model Toyota Mirai FCEV is even able to provide full
stack power of 114 kWat –30 �C within 70 s [15].

In conclusion, today’s FCEVs have extremely fast start-up
times for providing V2G services to full rated power even at
very low ambient temperatures. If FCEVs were never
switched off and continuously used for either driving or V2G
energy services, cold start-up temperature could even become
irrelevant.

As described in Section 2, the way we started our V2G tests
incurred additional start-up and grid frequency synchroniza-
tion time. To further reduce grid connection times, the inverter
could also be switched on before connecting and turning on
the FCEV, eliminating additional start-up and grid frequency
synchronization time from the inverter. Moreover, inductive
discharging instead of conductive discharging (by cable) could
reduce any further grid connection time [61–64], and likewise
specialized FCEV V2G inverters with reduced reaction time
and tailored Maximum Power Point Tracking or combining
the V2G inverter with solar photo-voltaic inverters [65].

3.4 System Efficiencies & Hydrogen Consumption in V2G Mode

The hydrogen content in the two tanks and HV battery
state of charge during the illustrative test on February 13, 2017
are shown in Figure 13, Figure 14 and further V2G test results
are presented in Table 2. Fluctuations and 1 �C accuracy of the
tank temperature sensors have an impact on the hydrogen
density calculations (Eq. (9)), therefore we applied a 90-second
moving average to the hydrogen mass calculation and used
this in our hydrogen consumption calculations.

The average V2G test duration was approximately six
hours with a mean hydrogen consumption of 3.44 kg and con-
sumption rate of 0.55 kg h–1 per test. The maximum capacity
of the hydrogen tank is 5.6 kg, with a minimum operating
pressure of approximately 2.5 MPa; 5 kg for V2G energy ser-
vices and the remaining hydrogen is enough to fulfill average
European daily driving [9] requirements and reach a hydro-
gen filling station before using the car in V2G mode again. At
a consumption rate of 0.55 kg h–1, approximately nine hours of

Fig. 12 Downward and upward power gradients of the FC and HV bat-
tery for the 7,000 to 8,000 s period for the test on February 13, 2017.
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AC power can be delivered to the grid on a full tank, resulting
in 86 kWh. The mean hT2G-AC, hDCAC and hT2G-DC efficiencies
were 43 % (51 % on an LHV basis), 95 % and 45 % (53 % on an
LHV basis), respectively. The values of the efficiencies we cal-
culated were consistent throughout all the tests.

As discussed in Section 3.2, hT2G-DC is an approximate value
of the efficiency of the FC and HV battery system. hT2G-DC is in
line with the 43–51 % FC system efficiencies of FCEVs in driv-

ing mode at 10–15 % rated power reported in literature
[61, 66, 67]. The hT2G-DC of 45 % (53 % on an LHV basis) is close
to the reported Hyundai ix35 FCEV FC system DC efficiency
of 46.8% (55.3 % on an LHV basis) [68]. Current automotive
FC stacks with power ranges of 80–100 kW, used as primary
power source in FCEVs (not in a fuel cell range extender con-
figuration), show highest FC system efficiency at 10–15 %
rated power [66, 67]. Future automotive FC system develop-
ments aim for higher system efficiencies at even lower rated
powers, as driving cycles, such as the NEDC, consist of high
power frequencies below 10 % rated power [69, 70]. As men-
tioned in our introduction, the ability to operate balancing
plants at low minimal generation (e.g., 15–20 % instead of
40 %) is important. In the performed V2G tests, the PEMFC
was operating at only 10–15 % of its maximum generation
capability, see Figure 10. It is possible for FCEVs to generate
more power, although this would require a better understand-
ing of the cooling capacity of the radiator [71] when parked
and the maximum operating temperature of the PEMFC. Tests
at different DC powers in the range of 0–10 kW done with the
same set-up, show that 10 kW gives the highest V2G efficiency
[72]. Conducting further tests at DC powers above 10 kW
would provide full insight into the partial load and optimum
V2G efficiency.

At relative low FC rated power of 10–15%, there is less
water production on the cathode side of the FC. Depending on
the amount of air supplied by the air-blower membrane humi-
dification problems can occur with different and opposite
effects [73]. A relative low air stoichiometry or sometimes
called cathode stoichiometric factor, a relative low air flow rate
is sent to the cathode channel and can result in a reduced
removal of produced water [73,74]. Whereas at a high air stoi-
chiometry, an increase of the water removal rate can result in
membrane dehydration and higher membrane resistance [73].
When delivering 10 kW DC power to the grid and the fuel cell
is producing power, see Figure 10, calculated average FC stack
air stoichiometry is in the range of 2 up to 6 According to
Heuer et al. [75] air stoichiometry above 3 can be considered
high and increase the probability of accelerated degradation.
Air stoichiometry at individual cells and within individual

Table 2 Test durations with hydrogen consumption rates and corresponding AC and DC system efficiencies.

# Date / DD-MM-YY ttest / h:mm tGC/D / h:mm DmH2
/ kg Dm Dt–1 / kg h–1 hT2G-AC / % hDCAC / % hT2G-DC / %

1 15-08-16 5:51 0:05 3.28 0.56 42 95 44

2 16-08-16 7:05 0:05 3.96 0.56 42 95 45

3 13-02-17 6:05 0:05 3.34 0.55 43 95 45

4 14-02-17 5:59 0:05 3.33 0.56 42 95 45

5 15-02-17 6:06 0:04 3.39 0.56 43 95 45

6 17-02-17 6:06 0:04 3.38 0.55 43 95 46

7 11-04-17 5:56 0:03 3.33 0.56 43 95 46

8 12-04-17 6:26 0:19 3.51 0.54 42 95 44

Mean 3.44 0.55 43 95 45

Sample standard deviation 0.22 0.01 1 0 1

Fig. 13 Hydrogen mass in tanks and HV battery state of charge (SOC)
cycling for the entire test duration of 6 h and 5 min on February 13,
2017.

Fig. 14 Hydrogen mass in tanks and HV battery state of charge (SOC)
cycling for the 7,000 to 8,000 s period for the test on February 13,
2017.
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cells [76] can differ significantly from the calculated FC stack
average, for example for individual cells at the inlet there is a
probability of too low membrane humidification, whereas for
cells at the outlet there is a probability of too high membrane
humidification [73–75].

Idling, low load and low current density are associated
with cell potentials of 0.87–0.90 V and can result in accelerated
degradation [77–83]. When delivering 10 kW DC power to the
grid, average single cell potential calculated from the total FC
stack voltage is in the range of 0.75–0.84 V, based on the total
number of 434 cells [84]. Although average calculated cell
potential is lower than 0.87 V, cell potentials of individual cells
can differ from the calculated average and possibly face higher
potentials. Extended periods at high cell potentials resulting
into accelerated degradation, can be reduced by smart hybri-
dization between HV battery and FC [78, 85], especially if the
V2G power production profile is known upfront it could be
incorporated in the power management. The influence of the
V2G power production on the degradation of the FC is still a
relatively uncovered topic in literature.

The mean hT2G-AC of 43% (51% on an LHV basis) gives a
specific electricity production of 17 kWh kg–1 H2. With current
hydrogen prices of 10–14 $ kg–1 at hydrogen fueling stations in
California [86, 87] and 9.5 € kg–1 in Germany [88], this would
result in an V2G electricity price of 590–825 $ MWh–1 and
560 € MWh–1, respectively, when considering the price of dis-
pensed hydrogen only. Hydrogen fueling infrastructure is still
at a development stage, so the cost of hydrogen fuel for fuel
cell powered road transport is not yet comparable to conven-
tional transportation fuels [88]. The current hydrogen prices
are initial, politically motivated prices jointly determined by
the project partners [88]. There is a high potential of lower
hydrogen prices at fueling stations with economies of scale
[89–92], i.e., when the number of FCEVs (including vans,
buses and trucks) increase, hydrogen production and refuel-
ing infrastructure costs decrease and result in a dispensed
hydrogen price of 2–4 € kg–1 [90–94]. Combined with a future
expected maximum FC system efficiencies of 60% (70% on an
LHV basis) [59, 95] and similar hT2G-AC or hT2G-DC, V2G electri-
city price would become 85–170 € MWh–1, when considering
the price of dispensed hydrogen only.

In the period of 2015–2017 in the Californian electricity
market, the 5-minute and 15-minute positive imbalance prices
rose above 250 $ MWh–1 for respectively 0.9% and 0.3% of the
year, with some periods above 1,000 $ MWh–1 [96, 97]. In 2017
in the German electricity market, imbalance prices above 85,
170, 250 and 560 € MWh–1 occurred respectively for 8.8 %,
0.9 %, 0.3 % and 0.1 % of the year [98, 99]. Future business
models for FCEV2Gs participating in electricity imbalance
markets rely on future FC system efficiency, imbalance and
hydrogen prices. Other relevant business model parameters
need additional research; for example the future costs of V2G
infrastructure, FC systems and FC system additional degrada-
tion, operation and maintenance due to the V2G load cycles.

3.5 Hydrogen Consumption in Spinning Reserve Mode

Table 3 shows the hydrogen consumption in the ‘‘spinning
reserve‘‘ (or idling mode) tests. Tests conducted for varying
durations on different dates throughout the year revealed a
relatively constant hydrogen consumption rate of approxi-
mately 0.040 kg h–1. Taking the 5 kg hydrogen mass available
for V2G purposes mentioned in Section 3.4, the maximum
running time in spinning reserve mode is projected to be 125 h
– a little over five days. A hydrogen consumption rate of
0.040 kg h–1 corresponds to an average hydrogen power flow
of 1.6 kW (on an HHV basis). At an estimated FC stack gross
efficiency of 40%, approximately 0.6 kW electrical power is
produced to power the FCEV’s auxiliary devices. This long-
term idling power consumption could possibly be reduced in
a purpose-built V2G FCEV.

During the ‘‘spinning reserve‘‘ tests, the FCEV is in idling
mode and the HV battery and FC are only powering the FC
auxiliary components and instruments, see Section 2.6.
Because the FC power production is low, so is the water
production. High calculated average FC stack air stoichiome-
try values above 10 occur for more than 70% of the time dur-
ing the ‘‘spinning reserve‘‘ tests. This could result in a high
removal rate of produced water, low humidification of the
membrane and therefore higher probability of accelerated
degradation [75]. Additional research focused on the condi-
tions at individual cells could provide more insight into the
effects of prolonged ‘‘spinning reserve‘‘ operation on the rate
of degradation.

Cell potentials higher than 0.87 V and up to 1.5 V can cause
accelerated degradation and are associated with operating
conditions, such as idling, no load, prolonged periods of no
use, start-up and shutdown [78, 82]. For an FCEV not used for
V2G purposes (driving only) and depending on the usage pro-
file, idling time at cell potentials of approximately 0.9 V could
amount up to 1,000 h over a vehicle’s 5,500 h of operational life
[100]. Time spent at open circuit voltage (OCV) of approxi-
mately 0.95 V during no load conditions could be over 100 h
[100]. Yu et al. show there is a significant lower durability for
an equal number of hours spent at OCV than at idle conditions

Table 3 Results from ‘‘spinning reserve’’ tests.

# Date / DD-MM-YY ttest / h:mm DmH2
/ kg Dm Dt–1 / kg h–1

1 19-01-16 11:02 0.52 0.047

2 07-04-16 09:00 0.39 0.043

3 08-04-16 09:03 0.37 0.041

4 21-07-16 10:00 0.39 0.039

5 25-07-16 09:14 0.35 0.037

6 27-07-16 46:30 1.76 0.038

7 01-08-16 45:28 1.59 0.035

8 03-08-16 49:03 2.04 0.041

Mean 0.92 0.040

Sample standard deviation 0.73 0.004
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[101]. For 25% of the time spent during the ‘‘spinning reserve‘‘
tests, the average calculated cell potential from the total FC
stack voltage was higher than 0.87 V and could cause acceler-
ated degradation. The impact of extended periods of time at
high potentials during the ‘‘spinning reserve‘‘ tests and their
impact on degradation need to be investigated further. Also
smarter hybridization between HV battery and FC and V2G
operation integrated in a flexible power management can pos-
sibly reduce operating time at high potentials [78, 85].

Apart from taking part in the imbalance market as
described in Section 3.4, Poorte et al. show that FCEV2Gs are
able take part in the frequency containment reserves (FCR)
and automatic frequency restoration reserves (aFRR) markets
[102]. E.g., hundred FCEV2Gs each providing 10 kW V2G
power would represent 1 MW and have a hydrogen consump-
tion rate of 4 kg h–1. With the current hydrogen prices of
10–14 $ kg–1 at hydrogen fueling stations in California [86, 87]
and 9.5 € kg–1 in Germany [88], this would result in an ‘‘spin-
ning reserve‘‘ fuel price of respectively 40–56 $ MW–1 h–1 and
38 € MW–1 h–1, when considering the price of dispensed
hydrogen only. Annual mean prices of ancillary services
markets in 2014 in the United States of America range from
1–40 $ MW–1 h–1 [103] and FCR and aFRR prices in 2017 in
Germany range from 1–23 € MW–1 h–1 [98].

Future business models for FCEV2Gs participating in FCR
and aFRR imbalance markets rely on future FC system effi-
ciency, FCR, aFRR and hydrogen prices. Other relevant busi-
ness model parameters need additional research. For example
the future costs of V2G infrastructure, FC systems and FC sys-
tem additional degradation, operation and maintenance due
to the V2G load cycles.

4 Conclusions

We performed a series of V2G tests in which a modified
commercially available FCEV delivered 9.5 kW of AC power
to the grid. This paper is the first to report the performance
results of this kind of system. Our results show that the FCEV
can be used for mobility and to generate power when parked.
We contend that grid-connected FCEVs are indeed capable of
meeting the requirements for future balancing power plants
identified by Brauner et al. [2]. With a maximum V2G DC
power output of 10 kW, the maximum downward and
upward power gradients of the FC were –47 kW s–1 (–470 % s–1)
and +73 kW s–1 (+730 % s–1) respectively, at the sample fre-
quency of 5 Hz. The maximum downward and upward power
gradients of the HV battery were –76 kW s–1 (–760 % s–1) and
+43 kW s–1 (+430 % s–1), respectively, at the sample frequency
of 5 Hz. Thus, the FC and HV battery in the FCEV have the
ability to perform high power gradients (‡ 0.05 % s–1 of all
power plants in the electricity grid combined). Also the FC
and HV battery in the FCEV respond faster than conventional
fast-reacting thermal power plants, which have maximum val-
ues of 1.67 % s–1 for hot starts [24–27]. Increasing the ability to
perform high power gradients reduces the number of power

plants in hot standby. Virtual power plants [47, 48] composed
of many grid-connected FCEVs do indeed have this ability.

We have demonstrated that the FC in the FCEV have the
ability to efficiently operate at 10–15 % of its total generation
capacity in V2G mode. Whereas existing thermal power plants
often can be operated at a low minimal generation of 40 %. If
all cars were capable of delivering 100 kW (the same as when
in driving mode) to the grid via a virtual power plant arrange-
ment, 15–20 % minimal generation could be achieved without
any problem. Tests at different DC powers in the range of
0–10 kW done with the same set-up, show that 10 kW gives
the highest V2G efficiency [72]. Conducting further tests at DC
powers above 10 kW would provide full insight into the par-
tial load and optimum V2G efficiency.

The grid-connected FCEV has an AC electric power effi-
ciency of 43% on a HHV basis (51% on an LHV basis) when
feeding 9.5 kW AC power to the electricity grid. This corre-
sponds to a low partial load of 11-15% of the maximum FC
DC power of 100 kW. The measured AC efficiency is close to
the reported FC system DC efficiency of 46.8% on a HHV basis
by Hyundai Motor Company [68]. These high efficiencies at
low partial load are higher than efficient gas engines under
low partial loads, although hydrogen production efficiency is
not considered here. The V2G power in this work was limited
to 10 kW DC and is examined as 100% V2G output. In a vir-
tual power plant composed of many grid-connected FCEVs,
reducing V2G output for every FCEV from 10 kW to 5kW DC
could also be avoided by switching more FCEVs off instead of
running them at lower power. Further tests at different V2G
powers will provide more insight into the partial load and
optimum V2G efficiency.

Approximately 38,500 startup/shutdown cycles take place
during the life of automotive FC systems. Up to several
startup/shutdown cycles can occur during a day, due to driv-
ing usage of the FCEV. If the V2G usage would be combined
with the driving usage, so either occur before or after driving
usage, then the V2G usage would not result into additional
startup/shutdown cycles. If FCEVs were never switched off
and continuously used for either driving or providing V2G
energy services, start-ups/shutdowns would be eliminated.
Additional degradation due to V2G load cycles (less than 10%
rated power) could possibly be compensated for by reducing
start-up/shutdown cycles, in combination with smarter power
management of both the FC and the HV battery. Furthermore,
inductive discharging instead of conductive discharging (by
cable) could possibly reduce any further grid connection time.

We did not investigate the ability to schedule cars for this
paper. However, the prospect of self-driving, cloud- and grid-
connected cars [104, 105] with inductive charging and dischar-
ging [62–64] technologies in the future could facilitate schedul-
ing of cars when faced with an insecure day ahead prognosis.
Data pertaining to car parking locations, parking durations
and tank fuel levels for a large number of cars, in combination
with local grid imbalance data, could throw light on the prob-
lem of scheduling cars.
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CAN Controller Area Network
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DP Dt–1 Upward or Downward Electric Power
Gradient / kW s–1 or % s–1
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Battery / %
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DC Direct Current
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Alternating Current Efficiency / %
hT2G-DC Higher Heating Value Tank-to-Grid Direct

Current Efficiency / %
EAC Alternating Current Electrical Energy / kWh
EDC Direct Current Electrical Energy / kWh
EHV Bat, max High Voltage Battery Maximum Electrical

Energy / 0.95 kWh
EV Electric Vehicle
FC Fuel Cell
FCEV Fuel Cell Electric Vehicle
FCEV2G Fuel Cell Electric Vehicle to Grid
FCR Frequency Containment Reserves H2

Hydrogen
HHV Higher Heating Value of Hydrogen /

39.41 kWh kg–1

HV High Voltage
HVJB High Voltage Junction Box
Icomponent,gross Gross Current of Component (Fuel Cell or

High Voltage Battery) / A
LED Light Emitting Diode
LHV Lower Heating Value of Hydrogen /

33.3 kWh kg–1

MM Month
NEDC New European Driving Cycle
OCV Open Circuit Voltage
p Pressure / Pa
Pcomponent,e,gross Gross Electric Power of Component (Fuel Cell

or High Voltage Battery) / kW
PV2G DC max Maximum Vehicle to Grid Direct Current

Electric Power / 10 kW
PEM Proton Exchange Membrane
PEMFC Proton Exchange Membrane Fuel Cell
PHEV Plug-in Hybrid Electric Vehicle
r Density / kg m–3

RDW Dutch National Vehicle and Driving License
Registration Authority

RGB Red-Blue-Green
SAE Society of Automotive Engineers
SOC State Of Charge High Voltage Battery / %
tend Test End Time / h
tGC/D Grid Connect/Disconnect Time / h
tgrid Grid connection time / h
tstart Test Start Time / h
ttest Test Start Time / h
T Temperature / �C
T2G Tank-to-Grid
T2G-AC Tank-to-Grid Alternating Current
T2G-DC Tank-to-Grid Direct Current
Ucomponent Voltage of Component (Fuel Cell or High

Voltage Battery) / V
V2G Vehicle-to-Grid
V2G-DCAC Vehicle-to-Grid Direct Current to Alternating

Current
V2L Vehicle-to-Load
V2H Vehicle-to-Home
Vtanks Volume Capacity Hydrogen Tanks / 0.144 m3

YY Year
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Deutschland bei Berücksichtigung der Entwicklung in
Europa und Global, Deutsches Zentrum Für Luft- Und
Raumfahrt (DLR), Fraunhofer Institute for Wind Energy
and Energy System Technology (IWES), 2012.

[8] Energistyrelsen – Danish Energy Agency, Background
Data from Energiscenarier Frem Mod 2020, 2035 Og 2050,
2014.

[9] G. Pasaoglu, D. Fiorello, A. Martino, L. Zani, A. Zubar-
yeva, C. Thiel, Driving and Parking Patterns of European
Car Drivers – a Mobility Survey, Joint Research Centre
(JRC) – European Commission (EC), 2012.
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M. Limbrunner, J. Höflinger, P. Hofmann, SAE Tech. Pap.
2017, 2017–March, DOI: 10.4271/2017-01-1185

[62] J. Y. Lee, B. M. Han, IEEE Trans. Power Electron. 2015, 30,
1784.

[63] Y. Fang, S. Cao, Y. Xie, P. Wheeler, in 2016 IEEE 8th Int.
Power Electron. Motion Control Conf. IPEMC-ECCE Asia
2016, 2016, pp. 2709–2713.

[64] K. Tachikawa, M. Kesler, O. Atasoy, in SAE WCX World
Congr. Exp., SAE International, 2018.

[65] P. H. Kydd, J. R. Anstrom, P. D. Heitmann, K. J. Komara,
M. E. Crouse, IEEE Power Energy Technol. Syst. J. 2016, 3,
81.

[66] U. Eberle, B. Müller, R. von Helmolt, Energy Environ. Sci.
2012, 5, 8780.

[67] National Renewable Energy Laboratory – U.S. Depart-
ment of Energy, ‘‘Fuel Cell Electric Vehicle Evaluation,’’
can be found under https://www.nrel.gov/docs/
fy16osti/66760.pdf, 2016.

[68] J. Kim, S. Kim, IEEE Electrif. Mag. 2018, 6, 48.
[69] D. L. Wood, Impacting Rapid Hydrogen Fuel Cell Electric

Vehicle (FCEV) Commercialization: System Cost Reduction
and Subcomponent Performance Enhancement, SAE Interna-
tional, 2016.

[70] R. K. Ahluwalia, X. Wang, A. Rousseau, R. Kumar,
J. Power Sources 2004, 130, 192.

[71] T. Yoshida, K. Kojima, Electrochem. Soc. Interface 2015, 24,
45.

[72] C. B. Robledo, V. Oldenbroek, F. Abbruzzese, A. J. M.
van Wijk, Appl. Energy 2018, 215, DOI: 10.1016/
j.apenergy.2018.02.038

[73] F. Marignetti, M. Minutillo, A. Perna, E. Jannelli, IEEE
Trans. Ind. Electron. 2011, 58, 2420.

[74] A. Rabbani, M. Rokni, E. Hosseinzadeh, H. H. Morten-
sen, Int. J. Green Energy 2014, 11, 91.

[75] M. Heuer, P. A. Bernstein, M. Wenske, Z. A. Styczynski,
Energies 2013, 6, 3841.

[76] A. Iranzo, P. Boillat, J. Biesdorf, A. Salva, Energy 2015,
82, 914.

[77] S. S. Kocha, in Polymer Electrolyte Fuel Cells Degardation
(Eds: M. Mench, E. C. Kumbur, T. N. Veziroglu), Aca-
demic Press, Boston, USA, 2012, pp. 89–214.
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