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The need for zero emission drive is a global necessity that can contribute to mitigate

greenhouse gas emissions. In this context, fuel cell hybrid electric vehicles are increasingly

attracting interest by governments, companies and academia. While parked they can

operate as power generation units, given the proper connection to the electricity grid via

vehicle-to-grid integration (V2G), or even power appliances directly (Vehicle-to-Load, V2L).

In this study, we analysed the use of a hydrogen fuel cell electric scooter in combined

driving, V2G and V2L mode. V2G resulted in the most efficient mode of the three, while V2L

led to higher degradation rates. The measured average cell voltage degradation rate was

209 mV/h for driving mode, 356 mV/h for V2G and 648 mV/h for V2L. The insights provided in

this study are useful to develop new, optimized and specifically targeted energy manage-

ment systems for power generation of hydrogen hybrid electric drive vehicles.

© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

The urgency to reduce anthropogenic impact on climate is felt

around the globe. Despite the large international efforts to

reduce CO2 emissions, in 2017 global energy-related CO2

emissions grew by 1.4% [1]. In view of these results, the energy

system needs to be fully transformed from fossil to renew-

ables. In the electricity sector, wind turbines and photovol-

taics are overtaking the renewable energy market rapidly [2].

As well, conventional, centralized power plants are making

room for more distributed energy production [3]. This inter-

mittent power generation of these technologies brings about

new challenges when it comes to flexibility of supply. The
.B. Robledo).

ons LLC. Published by Els
trend in the transport sector is electrification of power trains,

either fuelled by batteries or fuel cells. The reason to replace

internal combustion engines is not only because of the CO2

emissions but also volatile compounds and particulate mat-

ter, which are of great threat to the environment and human

health. It has been recently reported that, particularly

scooters, can dominate urban vehicular pollution above cars

and trucks [4].

Integration of electricity and transport systems into a sin-

gle energy system is a possibility to offer greater flexibility

while increasing utilization, efficiency and reducing overall

costs [5]. A smart grid is a local unit of such an integrated

energy system. The energy is produced, transformed and

consumed locally. Flexibility is created by physical storage
evier Ltd. All rights reserved.
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instruments as well as market instruments, such as electrical

storage units, conversion to fuel, controllers, price indexing.

These components must balance the micro-level generation

and consumption together with the macro-level in-

terconnections [6]. Taking this concept one step further, the

transport system can also be integrated into this smart energy

system. Vehicles are often parked close to buildings and are

most of the time not in use [7]. Designing and managing ve-

hicles to be part of buildings makes them a potential tool for

environmental and economic savings. Recent studies

consider electric vehicles as active components of the build-

ing's energy systems, including bidirectional energy exchange

with the house and grid, solar PV roof top production, and

energy storage systems [8,9]. Results vary, but depending on

the scenarios and assumptionsmade, electricity consumption

in these buildings is usually reduced from 30 to 70% by this

integration approach [10,11].

Worldwide urbanization is asking for more lightweight

vehicles, which are easy to park and offer enough flexibility

for daily commuting. Two-wheelers have been taking over the

urban landscape in developing countries. Two-stroke scooters

are popular globally, particularly in Asia, Africa and Southern

Europe, with a global annual production of more than 25

million vehicles [4,12]. Up to 95% of themotor vehicles on road

in Asia are motorcycles [13]. Therefore, the development of

zero-emission scooters is important to improve air quality and

protect the environment. As well, the concept of a “green

hydrogen economy”, where hydrogen is the carbon-free en-

ergy carrier and fuel is gaining momentum [14]. Both the

Japanese and the German government are investing in

hydrogen fuelling infrastructure to meet up the vehicle-fleet

development [15e17]. The cost of sustainable hydrogen pro-

duction is the limiting factor now, which might be overcome

in a near future [18,19]. All these aspects combined, have led to

several investigations and development of fuel cell powered

scooters. Since fuel cells are characterized by slow dynamics,

fuel cell scooters are usually of hybrid nature [20]; In this way,

the power system architecture is composed of themain power

system, a fuel cell stack, and a secondary energy source,

usually a battery or supercapacitor. The preferred fuel cell

technology for these scooters is the Proton Exchange Mem-

brane (PEM) fuel cell, since they pose the benefits of rapid

start-up, low operating temperatures, and high power den-

sities. The secondary energy source is used to enhance the

scooter driving range, improve the performance at cold starts,

and reduce overall system costs [21]. State-of-the art power

system architecture combine PEM FC with lithium batteries

[22]. The main advantage of using a battery over super-

capacitor is that they provide a larger storage capacity. Asian

Pacific Fuel Cell Technologies (APFCT) company has designed

a hydrogen scooter based on a PEM FC stack and a lithium-

NMC battery, which the Taiwanese government has imple-

mented in a trial promoting the use of zero-emission scooters

[23].

As the penetration of fuel cell electric vehicles (FCEVs) on

the market is increasing, the question of integrating these

vehicles into the energy system and the built environment,

through vehicle-to-grid (V2G) technology for example, arises.

In 1997, Kempton et al. already proposed the idea that electric

vehicles, either propelled by hydrogen via a fuel cell or
electrochemical energy stored in batteries, would have value

to electricity utilities as power resources [24]. They furthered

analysed the economic potential of the integration of such

vehicles into the electricity system via V2G [25]. There have

been recent techno-economic analysis on the feasibility of

integrating single buildings, communities and smart cities

with hydrogen FCEVs operating in V2G [26,27]. Nonetheless,

little is known on the main technical difficulties with respect

to fuel cell degradation and reliability of FCEVs operating in

V2G. In our previous studies we have demonstrated the

connection of a fuel cell electric car to the Dutch electrical grid

providing V2G services [28]. As well the connection of a resi-

dential building operating in V2G mode was studied. And we

have analysed the possibility of providing vehicle-to-load

(V2L) services, in which the electricity is fed directly to appli-

ances [29]. Such usage can aid in reducing the residential grid

electricity consumption and can help stabilize the grid during

peak demand. Inspired by these findings, in this paper we aim

to evaluate the use of a fuel cell electric scooter (FCES) also

operating in V2G and V2L modes.

To get insights about this topic, an experimental study was

performed using a FCES manufactured by APFCT. The

scooter's power source is hybrid: the fuel cell is connected to a

battery accounting for the peak power demand and a DC/DC

converter to meet the energy distribution control re-

quirements [30]. Therefore, the performance of the FCES is

dependent on the performance of the fuel cell, but also on the

battery and converter. As it has been pointed out in a recent

review article, in order to analyse such hybrid and complex

systems, system-level research on durability against the

actual automotive application are urgently needed [31]. For

such purpose, the scooter was tested in three modes: to drive,

to provide power to appliances (V2L) and to provide power to

the grid (V2G). In this study, the combined use of the scooter

for driving and power generation and its effect on the overall

system performance is explored. The main original aspects of

this work are:

� First time performance analysis of a hydrogen scooter

operating in combined driving and vehicle-to-electricity

modes.

� Implementation of multivariate statistical analysis for

degradation analysis of fuel cell in combined V2G, V2L and

driving mode.

� Identification of the most degrading mode, of the three

ones tested.

� Suggestion for improved energy management systems for

vehicle-to-electricity modes, different to that one for

driving (in order to minimize fuel cell degradation).
Materials and methods

Characteristics of hydrogen fuel cell scooter

The scooter used for this study is a FCES model 4.8 from

APFCT, shown in Fig. 1a. The scooter's power system is illus-

trated in Fig. 1b and is essentially composed of a Proton Ex-

change Membrane (PEM) fuel cell stack (FC), an air blower, a

https://doi.org/10.1016/j.ijhydene.2019.04.103
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Fig. 1 e a) APFCT hydrogen electric scooter model 4.8. b) Schematic drawing of the scooter hybrid power system (with the

connection to the programmable load for experiments) and balance of plant components of the fuel cell system. c) Picture of

the hydrogen storage canisters in the rear part of the scooter.
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water pump, a Lithium Nickel Manganese Cobalt Oxide (Li-

NMC) battery, a DC-DC converter and hydrogen storage can-

isters (HSC). It is an improved version of model 4.5, which had

a smaller FC and an ultracapacitor as well. Detailed systems

configuration and control of this previous model (which

mostly still applies to version 4.8) can be found in this refer-

ence [32]. The schematics show the scooter connected to a

programmable load that is used in the experiments to simu-

late the driving, vehicle-to-grid and vehicle-to-load patterns.

Table 1 presents the specifications of themain components of

the scooter.

The fuel cell is the main power supplier, while the battery

accounts for peaking power demand. The fuel cell stack and

the battery are placed in parallel, which means all combina-

tions are possible to power the loads: only FC, only battery or
Table 1 e Specifications of fuel cell, battery hydrogen
canisters and DC/DC booster in the scooter.

Component Item Value

PEM Fuel Cell Rated power 2400 W

Rated voltage 24 V

Operating voltage 21e33 V

Max. power in V2G & V2L 1200 W

Rated current 100 A

Nr. of cells 40

Li-NMC Battery Nominal voltage 24 V

Rated capacity 20 Ah

Hydrogen Canister Material of metal hydride AB5 alloy

Hydrogen stored per canister 45 g

Number of canisters 2

DC/DC Booster Output Voltage 48 VDC

Rated input voltage 24 VDC

Input voltage range 22-40 VDC

Max. power 2500 W

Operating efficiency 96%

Max. input current 125 A
both FC and battery. The battery is only charged via the FC,

there is no plug for external electric charging. The DC/DC

booster then transforms 24 V from the power sources to 48

VDC, which is needed by the power sink components (motor,

grid, electrical appliances).

All the components supporting the fuel cell stack compose

the Balance of Plant (BoP). These include the blower, which

feeds air into the system; the humidifier, which is necessary to

allow proton transfer through the membrane and to control

water flooding of the cathode; the water pump, which keeps

water flow at the correct rate; and a stack coolant system

(water, black dashed line in Fig. 1b), which prevents excessive

temperature rise of the fuel cell stack. This is done by

extracting the waste heat from the fuel cell stack and reutilise

it to desorb hydrogen by circulating it through an external

water jacket around the HSC. The process of hydrogen

desorption in metal hydrides is endothermic. So by utilising

the waste heat from the fuel cell the system's overall effi-

ciency is increased.

The only external energy input of the scooter is the

hydrogen, which is stored in metal hydrides in two low-

pressure alloy canisters in the rear part of the scooter, as is

shown in Fig. 1c. The two canisters are contained in the

scooter in easy plug-in/plug-out holders. The maximum

amount of available hydrogen contained in both canisters is

90 g, which allows a driving range of approximately 50 km. In

this study, hydrogen is charged via a self-made lab hydrogen

supply connection from 200 bar bottles, as shown in the

scheme on Fig. 2.

The hydrogen pressure is further reduced to 10 bar to

charge the metal hydride canisters. While charging, the can-

isters are submerged in a temperature controlled water bath

to avoid raise of temperature of the canisters, due to the

exothermic hydrogen absorption process. It takes approxi-

mately 40 min to charge both canisters at the same time

completely.

https://doi.org/10.1016/j.ijhydene.2019.04.103
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Fig. 2 e Scheme of the metal hydride canisters charging station implemented at the laboratory at Delft University of

Technology.
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Experiment

The scooter was previously driven 3122 km in Taiwan before

performing the experiments at the lab. Data on this usage was

not measured and thus the previous history of the fuel cell

and other components is not known. The use of the scooter in

three different modes (drive, V2G and V2L) was tested by

simulating three patterns in a Kikusui PLZ4-1000W DC elec-

tronic programmable load. The load was connected to the DC

bus of the scooter and when the load was turned on, the

scooter began to supply the demanded power. The scooter

was submitted to 30 repetitions per mode, making 90 in total.

The order in which the repetitions were performed was

determined randomly. Each run lasted 1024 s. Between each

run, the scooter was turned off to cool down the system. The

90 repetitions were performed consecutive over a period of 3

months.

In order to collect data under scooter operation, sensors

were installed to measure the current and voltage of fuel cell,

battery and the output delivered to the load, hydrogen content

in the storage system and temperature of the fuel cell, while

the runs were performed. Data from each run was stored in

Hioki LR8431 logger with a frequency of 1 Hz.
Fig. 3 e Power demand patterns for the three scooter's operat
Power demand patterns for the three operating modes
Different power demand patterns were designed to resemble

actual driving, vehicle-to-grid and vehicle-to-electrical appli-

ances load patterns. The final implemented power profiles for

the three modes are shown in Fig. 3.

The pattern for V2L was designed based on instantaneous

powermeasurements of daily used applianceswith a Voltcraft

Energy Logger 4000 measuring device. The power consump-

tion signals of 2 charging phones, 2 laptops and one television

were added to yield the total profile. The driving cycle applied

to the FCES in this study was based on the Taipei Motorcycle

Driving Cycle (TMDC), which has been developed with real-

data use [33]. It is much closer to real-life driving than a

theoretical driving cycle such as the ECE-40 for example.

However, since the electronic load used for the experiment

can maximum apply 1 kW, some modifications were made to

the original TMDC. First, the driving cycle was translated from

velocity to instantaneous power demand using the physical

model described in Lin's work [34]. Second, the maximum

power demand to drive the scooter was truncated from 1.6 kW

to 1 kW. Third, a representative segment of the drive cyclewas

chosen and repeated to match the number of entries of the e-

load program. In this way, the main characteristics such as
ion modes tested. From left to right: V2L, Drive and V2G.

https://doi.org/10.1016/j.ijhydene.2019.04.103
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high average acceleration and deceleration, low average speed

and changing speedweremaintained. Tomimic the use of the

scooter for V2G application, a constant power demand of 1 kW

was programmed. This is the maximum power demand

possible in this setup, given the size of the DC load. It is close

to the scooter's maximum V2G capability of 1.2 kW.

Data analysis

The experiment resulted in 92160 data entries for each vari-

able measured (result from 1024 measurements per run and

30 repetitions permode). First a descriptive statistical analysis

was performed on all the variables measured to understand

the distribution of the data under each mode. Then, average

values of each variable and for each repetition were obtained

and principal component analysis (PCA) was performed on

this new data set. PCA is a multivariate technique that con-

structs new not correlated variables (components), which are

linear combination of the original variables, as to maximize

the variation between repetitions. These new variables allow

studying by parts the variability existent in the data set and

permit a different interpretation that many times is not

possible from direct observation of the data set [35]. In doing

so, we intend to determine whether there are differences in

the three modes of operations and which are the variables

most responsible of those differences. This technique has

been implemented before in the analysis of PEM fuel cell

performance under extremely controlled conditions in the lab

[36]. They concluded that PCA allows classifying groups of

variables, which mostly contribute to stack behaviour. In this

study, we aim to extend the analysis to all variables measured

in the hybrid electric system present in the scooter. Lastly, an

empirical model is deduced using linear regression analysis to

determine which mode of operation leads to higher degrada-

tion of the fuel cell. Data analyses were done in InfoStat sta-

tistical software [37].
Fig. 4 e Power dynamics of the fuel cell (blue line), battery (red lin

three scooter modes of operation; Vehicle-to-load (V2L), driving

references to colour in this figure legend, the reader is referred
Results and discussion

Operation of the hybrid power system in the different modes

Fig. 4 shows the dynamics of the battery and fuel cell in the

scooter operating under the three different modes tested.

These power values are the average of the 30 repetitions for

each mode. In the V2L mode, the battery was rarely used. The

total power delivered was lower than the fuel cell limiting-

power point of 600 W, and thus it was the only power sup-

plier. The battery was not necessary in V2L, for this specific

power demand, and was either charging (Pbatt<0) or in stand-

by (Pbatt ¼ 0). In driving mode, both battery and fuel cell

delivered power to fulfil the required demand. The batterywas

used when a power value higher than 600 W was demanded.

Below this point, the fuel cell charged the battery, indicated in

Fig. 4 by negative battery power values. In the V2Gmode, both

fuel cell and battery were needed to supply this power de-

mand, in varying shares along the full experiment. The fuel

cell handled the largest part of this demand, with an

increasing share from650W in the beginning up to 1 kWat the

end. The battery provided 550 W at the start, and slowly

decreased until it reached the lower limit state of charge, time

at which the fuel cell charged it again.

Fig. 4 shows the average behaviour of the modes; while in

Fig. 5 the distribution of the variables are presented parti-

tioned by mode.

With respect to the fuel cell, the V2G mode was charac-

terized by higher current values on average than in any other

mode, and presented lower voltage values (Fig. 5a and b,

respectively). Nonetheless, the drive mode presented a wider

range of fuel cell current operation values and the V2Lmode a

more variable fuel cell voltage (varying from 28 to 31.5 V).

Temperature of the fuel cell was on average higher in V2G

mode and the lowest in V2L (Fig. 5c). Regarding the battery, in

V2G higher current values were present, obtaining even a
e) and power delivered to the electronic load (yellow) for the

, and Vehicle-to-Grid (V2G). (For interpretation of the

to the Web version of this article.)

https://doi.org/10.1016/j.ijhydene.2019.04.103
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Fig. 5 e Data distributions under the V2G (red), drive (blue) and V2L (yellow) modes, corresponding to the following variables

a) current, b) voltage and c) temperature of fuel cell, d) current and e) voltage of battery, and f) hydrogen content in the

canisters. Central points within the boxplots represent the average value; boxes mark the 25th and 75th percentiles;

horizontal lines outside the box, mark the values that extend 1.5 times the width of the box; points outside are outliers. (For

interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 2 e Average values for energy delivered, amount of
hydrogen consumed and system total efficiency per
mode.

V2L Drive V2G

H2 consumption (g) 16.8 13.8 7.6

Efficiency (%) 29 32 39

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 4 ( 2 0 1 9 ) 2 9 6 4 8e2 9 6 5 7 29653
negative average value for V2L (Fig. 5d). This is due to the

dynamic operation of the hybrid system in V2L, in which the

battery was only being charged by the fuel cell and no power

was being delivered by the battery to the load. This led to

higher average battery voltage values in V2L than in any of the

other modes (Fig. 5e). Fig. 5f shows the boxplot for the

hydrogen present in the canisters. It indicates thatmost of the

tests in V2G and drive mode most where operated with full to

empty tanks and that V2L mainly operated with full to inter-

mediate tanks. Since less energy was demanded in V2L mode,

less hydrogen was consumed during these tests and so the

canisters where not depleted fully.

System efficiency

The only input of energy of the scooter is hydrogen via the

canisters, as there is no electrical charging plug for the bat-

tery. Therefore, the efficiency of the hybrid system should

consider the power from the fuel cell alone. The total system

efficiency (hsystem) was calculated using Eq. (1):

hsystem ¼ Eout � DEbattery

EH2

(1)

where Eout is the electrical energy deliver to the load (either in

drive, V2G or V2L mode), DEbattery is the difference in battery

energy and EH2
is the hydrogen energy consumption. DEbattery

was calculated as the difference of energy discharged by the
battery (Ebattery;dis) and energy supplied from the fuel cell to

charge it (Ebattery;ch) during a full run, as shown in Eq. (2).

DEbattery ¼Ebattery;dis � Ebattery;ch (2)

The hydrogen energy consumption, EH2
, was calculated as

shown in Eq. (3),

EH2
¼DmH2

�HHV (3)

where DmH2
is the difference of hydrogenmass at the start and

end of the run, multiplied by the higher heating value of

hydrogen. Thus the efficiency values informed in this study

are based on HHV of hydrogen.

Using Eq. (1) yields the efficiencies depicted in Table 2. The

overall system efficiency values shown here are average

values obtained per mode.

As is shown in Table 2 and V2G resulted in the most effi-

cientmode, followed by driving and V2Lwas the least efficient

mode. Operating the system at almost maximum power, like

https://doi.org/10.1016/j.ijhydene.2019.04.103
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in V2G, is thus beneficial for using hydrogen efficiently: there

is a relatively high amount of energy delivered by the scooter

system in comparisonwith drive andV2Lmode, relative to the

amount of hydrogen energy fed in.

Ordination of modes according to the variables

Principal component analysis results show that it is possible

to clearly identify the three modes of operation. Fig. 6 shows

the PCA results in a biplot, where the individual runs are

separated into three distinct groups. This type of plot is a

combination of a scatter plot of the observations (each dot

represents one of the 90 runs) and another scatter plot for the

variables (represented by vector lines from the origin). The

observations that are plotted in the same direction as a vari-

able may have relatively high values for that variable and low

value variables for those that are plotted in the opposite di-

rection. The advantage of using PCA in this data set is that

with only one plot we can see how all the variables are

correlated and identify those that allow differentiating the

modes of operation of the scooter.

The first principal component (PC1) separates fuel cell and

battery voltage from the rest of the variables. In the biplot, this

can be seen by focusing on the projection in the PC1 axis,

which has negative values for these two variables. The rest of

the variables have positive PC1 projection values. So, the

greater variability between modes of operation of the scooter

can be explained by these two variables. V2L (green dots) is

more associated to high voltage values; V2G (blue dots) high

(fuel cell and battery) current values, power output and tem-

perature of the fuel cell. While driving (yellow dots) is an in

between situation of these other two modes. Considering the

second principal component axis, the most contributing var-

iables are Battery Current and Fuel Cell Voltage, although the

influence of these variables does not distinguish between

modes. They do explain differences between runs and mainly
Fig. 6 e Visualization of the variability of runs in the space

generated by the first two principal components of the

Principal Component Analysis. Line vectors show the

measured variables.
in the V2Lmode (green dotswithmore extent on the PC2 axis).

These two axis explained 92.7% of the total variability among

the 90 runs.
Voltage decline rate: performance comparison between
modes

During usage over time of the fuel cell, its performance de-

creases because of aging/degradation mechanisms. This can

be seen in the voltage-current profiles, where actual potential

of the fuel cell decreases from its ideal potential due to irre-

versible losses in the system. These fuel cell irreversibility's
contribute to the voltage drop of the system [38]. While there

are different types of irreversible losses, in this work we as-

sume all losses are result of Ohmic polarisation, since the fuel

cell stack operates in an intermediate range of currents (see

Fig. 7a, current values between 10 A and 40 A, whereas 5 A - 80

A is the operating range as stated by the manufacturer [39]).

Ohmic losses occur due to flow of electrons at cathodes, flow

of ions through electrolyte and interconnections between

cells and bipolar plates. In this approximation, we can

perform linear regression analysis (LRA) on the relationship

between the voltage (VFuelcell) and current (ifuelcell) of the fuel

cell, as shown in Eq. (4):

VFuelcell ¼b0 þ b1* ifuelcell (4)

where b0and b1are the regression coefficients. Table 3 shows

the results of the LRA partitioned by mode and in Fig. 7a the

relationship between these two variables is plotted.

There is a clear decrease of the voltage with current in-

crease in all threemodes, as is expectedwhen losses related to

ohmic polarisation take place. The three modes operated in

different stack output current ranges, therefore in the voltage

decline analysis we focused on the slope of the regression as a

parameter to compare between modes, not on the voltage

values themselves. In the Ohmic approximation, b1 can be

understood as the equivalent resistance of the overall system.

All coefficients values were statistically significant (p-value

<0.0001). Comparing it between modes, we observe that the

equivalent resistance in V2L mode was higher than in the

other modes. Between Drive and V2G there was no difference

observed. Resistance increase is a known effect as result of

aging. The overall resistance was three times higher in V2L

compared to the other modes. This indicates accelerated

degradation in V2L mode compared to the other two modes.

This higher loss of conductivity may result in faster degra-

dation of the polymer membrane, the corrosion of the plates,

dehydration of the membranes or corrosion of the catalyst

support [40].

A commonly used parameter to measure degradation in

fuel cells is the average cell voltage decline rate expressed in

mV/h. Fig. 7b shows the average cell voltage values per mode

plotted against accumulated experiment time. The average

cell voltage was obtained by averaging all the cell voltage

values of the FC stack for each of the 90 runs. The accumu-

lated time corresponds to the total time implemented in the

90 runs. In all three modes, the slope of the resulting regres-

sion was negative, indicating degradation over time. Table 4

presents the results of this linear regression analysis.
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Fig. 7 e a) Fuel cell stack voltage relationship with current and b) average cell voltage vs. time.
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All coefficients values, except b1 for driving were statisti-

cally significant (p-value <0.05). This means that degradation

has been observed in the experimental period and it is sta-

tistically significant in V2L and V2G mode, but in order to be

significant in all the modes more repetitions would have to be

done. During the 90 runs, the scooter was actively delivering

power during 26 h in total, and it was operating approximately

8 h in stand-by. As fuel cells for transportation means are

expected to have a lifetime of at least 5000 h [41], with actual

measured values ranging around 2000 h in practice, 34 h

performed in this work is relatively short.

b1 is a rate of degradation parameter, as it states the

change in voltage over a period of 1 s. Comparing it between

modes V2L and V2G, higher degradation rate was present in

V2L. This coincides with the previous PCA analysis. The

degradation rates expressed in mV/h were 209 mV/h for driving

mode, 356 mV/h for V2G and 648 mV/h for V2L. These values are

in line with research performed on degradation analysis of

fuel cell systems in road environment (as we have simulated

here and as what the scooter was exposed before the experi-

ments). For example, Li et al. reported an average cell voltage
Table 3 e Results of the linear regression of fuel cell
voltage vs. current presented per mode.

Mode Coefficient Estimate S.E. p-value

V2L b0 [V] 34.07 0.18 <0.0001
b1 [U] �0.33 0.1 <0.0001

Drive b0 [V] 31.59 0.50 <0.0001
b1 [U] �0.10 0.01 <0.0001

V2G b0 [V] 31.61 0.43 <0.0001
b1 [U] �0.12 0.02 <0.0001

Table 4 e Results of the linear regression analysis of
single cell voltage vs. time presented per mode.

Mode Coefficient Estimate S.E. p-value

V2L b0 [V] 0.75 0.01 <0.0001
b1 [V/s] �1.8E-7 8.5E-8 0.0406

Drive b0 [V] 0.72 2.1E-3 <0.0001
b1 [V/s] �5.7E-8 2.9E-8 0.0600

V2G b0 [V] 0.71 2.2E-3 <0.0001
b1 [V/s] �9.9E-8 3.2E-8 0.0047
decline rate of 346 mV/h for fuel cell city buses [42]. Studies

have found that the main factors leading to damage of PEMFC

are frequent load changes, low power operation, and cold

start-up [43e45]. As all the runs have been performed when

the systemwas alreadywarmed up, the latter is discarded as a

cause in the performance decay observed. V2L was charac-

terized by low power operation and frequent load change,

causes explaining the higher degradation presented in this

mode.
Conclusions

The combined use of a hydrogen electric scooter for driving

and power generation was analysed in this study. The scooter

was tested in three modes: to drive, to provide power to ap-

pliances (V2L) and to provide power to the grid (V2G). A two-

stage statistical analysis method was implemented to un-

derstand the differences in the modes of operation and

identify those variables leading to higher degradation of the

fuel cell. First, Principal Component Analysis (PCA) led to the

successful discrimination of the three modes of operation.

The greater variability between modes could be explained by

the fuel cell and battery voltage. Second, Linear Regression

Analysis (LRA) was used to analyse the decay of fuel cell

voltage with current and time, which allowed to determine

the rate of degradation in the three different modes. V2L was

identified as the mode that resulted in highest degradation of

the fuel cell, due to lower operating power and higher oper-

ating voltage. V2G resulted in the most efficient mode using

the fuel cell, since it operated at almost full load. Although, in

the short period of test time degradation was observed in all

modes, the statistical significance of the measurement of rate

of degradation can be improved by increasing the testing time.

These results can be taken into account to design new

specific energy management systems for V2L and V2G oper-

ation. As the actual energy system architecture of hybrid fuel

cell/battery electric vehicles is designed for less degradation of

the fuel cell in drivingmode,we suggest that for V2L andV2G a

different and new energy management system should be

developed, parallel to the driving one. These should focus on

high operating power, high current values and low operating

voltages, to have less degradation effects on the fuel cell.
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