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ABSTRACT

Fuel cell vehicles and carsharing depict two potential solutions with regard to pollution and noise from traffic in
cities. They are most effective when combined, and hydrogen is produced via electrolysis using renewables. One
major hurdle in utilizing fuel cell vehicles is to size hydrogen refueling stations (HRS) and hydrogen production
via electrolysis properly in order to fulfill the carsharing vehicles’ demand at any given time. This paper presents
data on refueling behavior in free-floating carsharing, which have not been available thus far. Refueling profiles
of hydrogen carsharing vehicles are modeled based on this data. Furthermore, this analysis presents and applies
a methodology for optimizing topology of a wind turbine-connected HRS with onsite electrolysis via an evolu-
tionary algorithm. This optimization is conducted for different carsharing fleet sizes, and HRS profitability is
evaluated. The results show that larger fleets are capable of decreasing hydrogen production costs significantly.
Moreover, adding capacity to the HRS in order to prepare for hydrogen demand from private vehicles in the
future does not significantly increase costs. However, overall costs are still high compared to the current market

price in Germany, requiring further cost reductions,

1. Introduction

Currently, transportation accounts for a significant share in CO,
emissions worldwide as well as in Germany [1,2]. Additionally, cities
are struggling with high air pollution due to vehicle tailpipe emissions,
leading to discussions about banning vehicles, especially diesel cars,
from inner cities. Thus, in order to maintain personal mobility and
regain a higher air quality in cities, a transportation transition is re-
quired. According to Agora Verkehrswende [3], this transition can be
perceived as change in mobility behavior on the one hand and en-
ergy transition in the transportation sector on the other hand. One ap-
proach of providing mobility more efficiently is carsharing, which can
reduce the number of cars on the road if substituting privately owned
cars. In contrast, energy transition in transportation requires vehicle
concepts capable of using renewables as an energy source. One of the
most promising options in this regard are fuel cell electric vehicles
(FCEV) fueled by hydrogen. Thus, especially the combination of both
approaches, carsharing and FCEV, might become an important means in
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order to deal with the aforementioned problems. This approach already
has been applied in recently emerged projects in major cities in Ger-
many (see literature review in Section 2.1). But hydrogen refueling in-
frastructure is scarce and needs to be complemented if carsharing vehi-
cles demand hydrogen at a larger scale. This raises the question of how
hydrogen refueling stations (HRS) for carsharing should be designed in
terms of hydrogen production and storage capacity, and which costs
these stations are associated with. Therefore, this study presents data
on refueling behavior of free-floating carsharing vehicles in six German
cities collected over a period of seven months. Based on these data, this
paper provides a novel and comprehensive approach of sizing hydro-
gen refueling stations with onsite electrolysis. It is applied to a case of
combined hydrogen demand of private and carsharing vehicles and op-
timizes hydrogen production costs.

The remaining part of this section gives an overview of carsharing
and hydrogen as a fuel, while Section 2 provides a literature review.
Sections 3 and 4 describe the methodology and the investigated scenar-
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ios, respectively. Results are presented and discussed in Section 5, fol-
lowed by conclusions in Section 6.

1.1. Carsharing

The concept of carsharing allows people to use one car or a pool of
cars collectively in a sequential manner. Thus, taking part in carsharing
might make owning a car unnecessary. This can lead to lower mobility
costs for carsharing users, especially if access to a vehicle is not required
regularly. Additionally, carsharing is also beneficial to the respective
city and the environment since congestion can be reduced, and people
are encouraged to use public transportation more often if they do not
own a private car. There are different forms of carsharing: private car-
sharing, station-based carsharing and free-floating carsharing. Private
carsharing is organized by the users themselves, for example, when two
neighbors share one vehicle. In contrast, station based and free-float-
ing carsharing are commercial services provided by a company. In most
cases, users have to register to the service and can book cars online.
They are either charged by distance traveled or by duration of driving.
Vehicles of station-based carsharing are parked at selected, designated
spots and have to be returned to these spots after usage. Free-floating
carsharing, on the other hand, does not require the use of discrete spots
for fetching and parking a vehicle. Instead an area of operation within
a city is specified. Customers are allowed to park carsharing vehicles
wherever they want within this area, so in general, cars are spread out
among this area. According to [4], more than 2 million drivers were
registered to a carsharing service in Germany by 01.01.2018, which
is an increase of 23% compared to the number of registered users by
01.01.2017. These people share nearly 18,000 carsharing vehicles and
account for 3.3% of all people holding a driver’s license [5].

1.2. Hydrogen as a fuel

FCEV are electric vehicles using pressurized, gaseous hydrogen as an
energy carrier. Hydrogen and oxygen are converted onboard into wa-
ter vapor and electric energy, propelling an electric motor. Thus, in-
stead of harmful tailpipe emissions, there are potential indirect emis-
sions during hydrogen production. In fact, today most HRS rely on de-
livered hydrogen originating mostly from fossil fuels for cost reasons.
In order to achieve a significant reduction of CO, emissions, it is there-
fore important to produce hydrogen via electrolysis using electricity
from renewable energy sources. Especially in the initial phase of low
market penetration of FCEVs, it can be favorable to utilize electroly-
sis onsite HRS and avoid central scaled-up hydrogen production and
delivery by truck [6]. In other scenarios with a higher overall hydro-
gen demand, other options like central electrolysis and delivery might
become favorable. Besides onsite electrolysis, HRS consist of hydrogen
storage tanks at low (~45bar) and high (~1000bar) pressure, a hydro-
gen compressor, and a dispenser including a hydrogen pre-cooler. Us-
ing additional cascades of storage tanks can be advantageous in terms
of energy consumption [7]. Another established method of storing hy-
drogen is in liquid form, which requires liquefaction in the first place
[8]. In the future, hydrogen storage based on liquid organic hydrogen
carriers might be an additional option [9,10]. In Germany, there are
to date less than 40 HRS, but the network is growing continuously.
Currently, 48 additional stations are under construction, contributing
to the target of 100 HRS by 2019 [11]. Due to the low number of
FCEV currently on the road, HRS in general suffer from underutilization
and cannot be operated profitably. FCEV fleets, like taxis or carshar-
ing fleets, can increase utilization and profitability of HRS, but require
additional capacity if deployed in larger numbers. Hydrogen produc-
tion can be adapted to energy provision from renewables and thus be a
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means of flexibility to the overall energy system [12,13,1,14-17]. This
flexibility can be especially valuable, when harnessing surplus energy
from wind farms [18-20]. Moreover, large scale energy storage can be
accomplished at lower costs when using hydrogen storage systems com-
pared to electrical energy based storage systems [21]. Hydrogen is also
discussed as a flexible energy carrier for micro grids, used for stationary
or mobile applications as well as for storage purposes [22-25].

2. Literature review

The following literature review focuses on the main aspects of this
paper: hydrogen based carsharing (Section 2.1), driving and refueling
patterns of carsharing drivers in general (Section 2.2), and hydrogen re-
fueling stations (Section 2.3). This chapter concludes with the main con-
tributions of this paper as they contrast with the previously analyzed
literature (Section 2.4).

2.1. H2-Carsharing

Literature on hydrogen based carsharing is sparse. Kriston et al.
[26] analyzed carsharing with FCEV in Budapest, Hungary in terms of
economy. They investigated fleet sizes between 20 and 200 microcars.
The investigation focused on business models, and neither the refueling
process nor refueling behavior were taken into account. Furthermore,
HRS were not part of the analysis.

In fact, there are already two carsharing services in Germany that
make use of FCEV in their fleet: BeeZero and CleverShuttle. BeeZero is
located in Munich and is a mixture of station-based and free-floating
carsharing service. Vehicles are distributed across the city, which is di-
vided into several zones. Customers are required to return the vehicle in
the respective zone in which they rented it. The vehicle fleet consists of
50 FCEV [27].

CleverShuttle, by contrast, is a German ridesharing service, so actu-
ally it is not a conventional carsharing service. Customers can order a
vehicle as they would order a taxi, and additional customers with sim-
ilar destinations can join the ride en route. Thus, rates are lower than
conventional taxi fees. Recently, CleverShuttle integrated 20 FCEV in
their fleet in Hamburg [28] and 10 FCEV in Stuttgart [29].

2.2. Driving and refueling patterns

Schméller et al. [30] analyzed free-floating carsharing operation
with conventional vehicles in Munich, Germany. They evaluated hourly
data on booking profiles between November 2011 and October 2013.
While this provides insights into temporal mobility demand, neither hy-
drogen as a fuel nor refueling patterns were investigated.

In contrast, Lopes et al. [31] focused on station-based carsharing.
Driving patterns are approximated via agent-based simulation. Their
model combines survey data on mobility behavior in Lisbon, Portugal
with stochastic methods in order to vary temporal trip probability. Re-
fueling was assumed to be taken care of by the carsharing operator, and
refueling patterns were not discussed. Moreover, their approximated re-
sults do not match the findings of [30].

The study “Urban mobility in Transition™ [32] examined changes in
urban mobility markets that are based on the example of free-floating
carsharing systems. Over 115 million data records were collected to map
around 18 million car rentals. The focus was on the evaluation of the
relevance of these systems for transport and the economy and the devel-
opment of recommendations for urban and transport planning, for mo-
bility providers and free-floating carsharing providers. Therefore, dri-
ving patterns were evaluated, but refueling patterns were not part of the
analysis.
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2.3. Hydrogen refueling stations

Literature provides several studies on HRS operation with onsite
electrolysis and integration of renewable energy sources. But only few
contributions deal with topology optimization of HRS. The following
gives an overview of recent analyses in the respective field.

Troncoso et al. [33] developed an optimization tool for sizing an
off-grid HRS for aerospace applications. Energy is provided by a high
concentrated PV array and hydrogen is produced onsite via electrolysis.
However, the system in regard has a low hydrogen production rate and
therefore is not applicable to HRS for road vehicles.

Nistor et al. [34] evaluated an HRS with onsite electrolysis and wind
farm connection via detailed simulation. Their model comprises cost as-
sumptions both for PEM and alkaline electrolysis. The focus of this study
is on operation of a given HRS configuration. Results indicate that rely-
ing solely on wind farm connection in terms of energy supply leads to
relatively low equivalent full load hours of the electrolyzer while some
hydrogen demand remains unfulfilled. However, this analysis does not
conduct topology optimization of HRS.

Carr et al. [35] investigated HRS operation with wind farm integra-
tion and electricity market participation. An optimization routine was
applied to an existing refueling station in Rotherham, UK. Their HRS
model is linear and uses half hourly time steps. However, topology opti-
mization was not part of this analysis.

An HRS with wind farm or photovoltaic power plant connection and
onsite electrolysis was investigated by Zhao et al. [36]. Additionally, a
fuel cell for reconversion of hydrogen into electricity was integrated.
Different, rather simple operating strategies were evaluated based on
a hydrogen demand profile of an existing HRS in California. The au-
thors also conducted a basic topology optimization by varying the wind
farm’s and PV's rate power and capacity factor, respectively. Further-
more, they estimated suitable electrolyzer and storage tank dimension-
ing, but the analysis lacks an optimization of the HRS's components.
Moreover, the underlying demand profile does not reflect realistic fu-
ture hydrogen demand but an early stage situation with only few cars
and HRS.

Garcia Clia et al. [37] analyzed a wind-hydrogen system with elec-
tricity grid connection in terms of operating strategies. The focus is
on power electronics, and hydrogen demand is neglected. HRS are not
taken into account, and topology optimization is not conducted.

Griiger et al. [38] investigated the combination of a wind farm and
an electrolyzer via simulation. Two different operation modes were
taken into account: The electrolyzer was used for wind farm forecast er-
ror compensation in the first mode and for secondary control reserve
market participation in the second mode. Hydrogen production costs
were calculated but neither further HRS components nor taxes and sur-
charges were taken into account. Several scenarios differing in the elec-
trolyzer’'s rated power were simulated but no topology optimization was
conducted.

Griiger et al. [39] developed a predictive operating strategy for HRS
with onsite electrolysis and wind farm connection under electricity spot
market participation. All relevant HRS components were taken into ac-
count, and a detailed economic analysis was conducted. The model was
based on a realistic hydrogen demand profile with an average daily de-
mand of 168kg. Results showed that predictive operation is capable of
reducing hydrogen production costs. They also compared this setup to
an HRS without wind farm connection and found that under current
German legislation, wind farm connection is favorable in terms of hy-
drogen production costs. However, the assumed hydrogen demand does
not reflect the current situation of underutilization of HRS, and a topol-
ogy optimization was not conducted.
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HRS and hydrogen production cost sensitivity in the US was investi-
gated by Reddi et al. [40]. The analysis included gaseous as well as lig-
uid hydrogen delivery and respective HRS technology. Results showed
that underutilization of HRS in early stages of FCEV deployment leads
to high hydrogen production costs.

Li et al. [41] presented a methodology for sizing microgrids via an
evolutionary algorithm in combination with a unit commitment strat-
egy. The approach was applied to a system supplying residential electri-
cal load and comprising PV, a battery storage system, an electrolyzer, a
fuel cell and hydrogen storage tanks. While the approach could be ap-
plied to HRS, such scenarios were not taken into account.

2.4. Main contributions of this paper

This paper presents data on refueling behavior in free-floating car-
sharing with conventional vehicles. To date, such data are not available
though they are necessary in order to investigate carsharing as a sustain-
able mobility concept, which might become even more important in the
future. Refueling behavior of hydrogen carsharing vehicles is modeled
based on this data, and HRS demand profiles are derived. Furthermore,
this paper presents and applies a methodology for optimizing topology
of a wind turbine-connected HRS, i.e. its components’ sizes, with the
help of an evolutionary algorithm, Although topology optimization of
energy systems is not a novelty, it has never been applied comprehen-
sively to an HRS. This optimization is conducted for different carsharing
fleet sizes, and HRS profitability is evaluated.

3. Methodology

In this section, the developed and applied methodology is described.
Refueling behavior is modelled and demand profiles derived from car-
sharing (Section 3.1) and private vehicles (Section 3.2). In Section 3.3,
the methodology for optimizing HRS topology is explained.

3.1. Modeling refueling behavior and deriving demand profiles from
carsharing vehicles

In this analysis, refueling behavior is defined by the relative fre-
quency (or probability), refuelling events take place at a given hour
of the week. For this analysis, data on position, vehicle identification
number, license plate number, and tank level of free-floating carshar-
ing vehicles are collected. This is achieved by continuously monitoring
the websites of two carsharing providers: DriveNow and car2go. When-
ever a vehicle is available, it is listed on the respective website. Thus,
vehicle data before and after a trip can be extracted. Data were gath-
ered and analyzed from 09.08.2016 until 15.03.2017 for six German
cities (Berlin, Cologne, Diisseldorf, Hamburg, Frankfurt, and Munich)
and comprise more than 7000 vehicles (the exact number differs slightly
among different months). The data are stored every 15min. Only ve-
hicles with an internal combustion engine are selected for evaluation.
Trip data considered are limited to trips showing a higher tank level
afterwards than prior to the trip, because at least one refueling event
took place in the course of these trips. It is possible that not all refuel-
ing events are captured by applying this procedure, because after longer
trips the tank level can be lower than at the beginning despite a possi-
ble refueling event during the trip. It is assumed, though, that the er-
ror due to neglecting such cases is very small and more importantly
does not influence the validity of the modelled refueling behavior sig-
nificantly. Since it is not possible to determine the exact time of refu-
eling from the collected data, the refueling event is estimated to take
place in the midst of the trip. The respective tank level at the begin-
ning of refueling is assumed to be the most recent known tank level,
i.e. at the beginning of the trip. In addition to trip data, fleet sizes are
recorded for each city, month, and provider based on the number of
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available vehicles. Since the vehicle identification number and license
plate number are stored in the database, vehicles can be distinguished
and counted.

These data are used for modeling the refueling behavior and to de-
rive demand profiles for carsharing vehicles. This requires determining
the annual mileage, which is not directly available. It can be approxi-
mated in three steps, assuming a fleet comprising BMW 1 series (gaso-
line and diesel, 12.5% each), Mini (gasoline and diesel, 12.5% each) and
Smart fortwo (gasoline, 50%). First, the average vehicle range r is es-
timated by dividing fuel tank volume by fuel consumption [42]. Since
drivers in general do not make use of the full theoretical range, the uti-
lized range r,,; is approximated in a second step. For this purpose, the
fuel tank’s average filling level at the beginning of refueling SOC,,, is
used as follows.

Fuit =T * (1 - SOCan)

In the third step, the average number of annual refueling events per ve-
hicle is multiplied by r,; in order to obtain the annual mileage. While
these three steps are conducted separately for each vehicle type, the
overall annual mileage mi, can be determined by applying their respec-
tive share among the fleet as a weight and averaging results for all vehi-
cle types.

In addition to the annual mileage, time resolved refueling probabil-
ity is required. Therefore, gathered data on vehicle refueling as well as
data on fleet size are used. First, each recorded refueling event is as-
signed to one hour of the week (e.g., 10 am to 11 am on Wednesday).
Then, all events are summed up for each hour of the week and divided
by the fleet size of the respective month. Thus, the number of refueling
events per vehicle and hour of the week are obtained. Since the data
does not cover the same number of hours for each hour of the week,
the results have to be adjusted by dividing by the number of respective
hours recorded. For example, if the available data covered Monday 1
am of week 1 until Monday 2 am of week 2, all hours of the week would
be represented equally, except for the hour between 1 am and 2 am on
Mondays. In this example, the applied adjustment would require the re-
sults of this hour to be divided by 2, since it occurs twice in the data.
The overall result of this step is hourly refueling probabilities per vehi-
cle within one week as well as the maximum occurring number of refu-
eling events per hour and vehicle ny, ... Additionally, hourly refueling
probabilities are aggregated per weekday in order to obtain weekday re-
fueling probabilities.

These probabilities are complemented by an evaluation of the data
per each day. As a preparatory step, all days with incomplete data are
either removed from the dataset (if less than 16 h of data are available)
or fixed by scaling the number of respective events to fit 24h. Subse-
quently, refueling events are counted for each day and divided by the
respective fleet size, resulting in average refueling events per day and
vehicle n ,,, and the maximum number of refueling events per day and
vehicle ng, ;o

Several additional parameters are then calculated or derived, which
are used in subsequent steps to create demand profiles. Table 1 gives an
overview of these parameters. Some of these parameters are used to as-
sign an HRS class (according to H2Mobility [43], see Table 2) to every
fleet size by comparing ng gy, Mg max a0d M, 1, to the respective values of
the HRS classes. This enables other parameters to be derived from this
class, e.g., the maximum hydrogen throughput per hour.

These parameters serve as an input to an algorithm, generating de-
mand profiles for given fleet sizes. This algorithm first determines the
number of days n, that are to be covered, depending on the start and
end date of the simulated time frame. Then, the total number of refuel-
ing events within this time frame are calculated by multiplying n, by
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Table 1
Parameters for demand profile generation.

Parameter Symbol Value/Source
Number of vehicles n, According to scenario
H, consumption in kg/100km i 1, assumption
Handling time in minutes [— 3, assumption
Max. number of back-to-back Tyan 1, assumption
refuelings
Min. waiting time between two Bonit 5, assumption
refueling events in minutes
Annual mileage in km i, see above
Max. number of refueling events per nh'm, My, max* Ny
hour and vehicle
Average refueling events per day Ny e My, ayg* Ty
Max. refueling events per day T max Ay i ¥y
Number of dispensers L HRS class [43]
Max. H, throughput in kg/h My s HRS class [43]
Average H, throughput in kg/d My g ""3'_;”"! “f,
Max. H, throughput in kg/d -~ m—'":f:;ﬂ
Average dispensed H, per refueling . Zusne
event ?n ke . oy P
Min. dispensed H2 per refueling event Mg min 2, assumption
inkg
Min. dispensed H2 per refueling event L — min(7, 2mg gy = Mg min)
inkg

Table 2

Parameters of HRS classes according to H2Mobility [43].

Very

Parameter small Small Medium Large
Number of 1 1 2 4
dispensers
Allowed waiting 20 5 5 0
time between
two refueling
events in min
Max number of 2.5 6 6 10
refueling events
per dispenser
and hour
Number of 10,20 30/38 60/75 125/180
refueling events
per day
(average/max)
Max. dispensed 18 336 67.5 224
H; in kg/h
Dispensed H, in 56/80 168/ 336/ 700/
kg/d (average/ 212 420 1000

max)

N4 These events are then distributed among the months of the time
frame. Equal distribution is assumed in this case, because the provided
data does not indicate different driving and refueling behavior depend-
ing on the season or month of the year. Subsequently, events are distrib-
uted among the days of each month in accordance to the previously de-
termined daily refueling probability. Finally, all days of each month are
taken into account sequentially, and events are assigned based on the
hourly refueling probability. The algorithm ensures that all previously
defined boundary conditions, e.g., maximum number of refueling events
per hour, are met. This process is carried out in one minute resolution in
order to obtain realistic profiles, avoiding refueling event collision and
accounting for waiting and handling times. Due to the algorithm distrib-
uting events in a stochastic manner, the resulting demand profile does
not show repetitive patterns. The demand profile is provided in hourly
resolution for one year.
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3.2. Modeling refueling behavior and deriving demand profiles of private
vehicles

Refueling behavior of private vehicle owners in Germany is mod-
eled according to current refueling behavior with conventional vehicles.
There are no current data on refueling behavior publicly available. In-
stead, data on two refueling stations are used. These data are available
in hourly resolution for two weeks and include volumes of gasoline and
diesel fuel (passenger cars only) dispensed (see Fig. 1).

In a first step, the volumes are translated into relative refueling prob-
abilities for every hour of one week. This can be obtained by adding the
data of all four weeks (two stations with data on two weeks each) and
dividing the volume of each hour by the sum of all dispensed fuel within
one week. This is conducted separately for gasoline and diesel fuel.
These data are merged by weighting their respective hourly probability
with the respective share of gasoline and diesel vehicles among the vehi-
cle fleet. In addition to this hourly refueling behavior within one week,
seasonal refueling probabilities are determined based on monthly fuel
sales. This data was gathered for the years 2012 to 2015 [44]. Only data
on gasoline are used, because diesel sales are not reported separately
for passenger and heavy duty vehicles. For each of these years, monthly
sales are divided by total sales in the respective year and the number of
days of the respective month. Results are then averaged among all years.
Thus, the resulting seasonal probability reflects different behavior at the
respective time of the year excluding the effect of different numbers of
days per month.

The aforementioned algorithm for demand profile generation is ap-
plied, which now uses these probabilities of private refueling behav-
ior. It stochastically allocates refueling events to points in time of one
year in minute-resolution. Besides the above-mentioned data, bound-
ary conditions of refueling station classes, defined by H2 Mobility [43],
are taken into account. For this investigation, data of HRS class “very
small™ are used (see Table 2), because this class is the smallest avail-
able and fits the relatively low overall hydrogen demand in the current
phase of infrastructure deployment. Although the algorithm distributes
refueling events stochastically, it complies with these boundary condi-
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Fig. 1. Fuel demand of two highway refueling stations.
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tions (e.g., the maximum mass of hydrogen dispensed per day is not ex-
ceeded). The resulting demand profile is provided in hourly resolution.
Its daily average hydrogen mass dispensed amounts to 53kg/d instead
of 56kg/d due to the stochastic algorithm.

3.3. Optmizing HRS topology

The aim of topology optimization in this context is to find the best
configuration of the HRS components. This comprises in some cases the
dimensioning or sizing (e.g., the rated power of the electrolyzer) and in
other cases, when only discrete steps of variation are possible, the num-
ber of units (e.g., compressors). These parameters can be considered de-
cision variables of optimization. In this analysis, the quality criterion of
a configuration is the levelized cost of hydrogen (LCOH;) at which it
can provide hydrogen. The lower the LCOH,, the higher is the configu-
ration’s quality.

In this study, an evolutionary algorithm is chosen for optimization,
using the main concepts of evolution: selection, recombination, and mu-
tation [45]. In general, it approximates the best configuration stepwise.
First, decision variables are defined (e.g., number of compressors and
storage tank’s volume) as well as respective ranges of values which they
can assume. Then, several configurations, called individuals, are gener-
ated randomly by assigning each decision variable a value within the
respective range. The individuals incorporate a so-called generation. All
individuals are then evaluated, which means their quality is determined.
Afterwards, the best individuals are selected, and new individuals are
derived from them by combining the decision variable values of two in-
dividuals at a time. This process is called recombination. The third con-
cept of evolution, mutation, is implemented by randomly altering some
of the decision variables of randomly selected new individuals. The set
of new individuals incorporates the second generation. They are evalu-
ated as well, and the process is repeated until the results are considered
to be close enough to optimality. The convergence criterion is a mini-
mum number of generations (20).

Evaluation is conducted by simulating HRS operation for one year
with the help of a detailed simulation model. It comprises sub-mod-
els of an alkaline electrolyzer, a low pressure storage tank, one or
more hydrogen compressors, a high pressure storage, and one or more
dispensers including pre-cooling (see Fig. 2). Additionally, sub-mod-
els for hydrogen demand, electricity spot market participation, and a
wind farm are included. The sub-models are allowed to be non-linear,
which is the case for the electrolyzer. The wind farm model is based
on measured data of an existing wind farm in one-minute-resolution
for one year [46]. The spot market model uses intraday prices of the
year 2015, which are scaled to fit the price average of January 2017
until end of June 2017 [47]. It is assumed that the refueling station
taking part in the market does not influence energy prices (price-taker
approach). This might become invalid if a very large number of HRS
takes part in the spot market in the future. Hydrogen demand com-
prises, depending on scenario, demand from carsharing fleets and pri-
vate demand. The latter is modeled stochastically and based on the de-
finition of HRS class “very small” as well as data on private refueling
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Fig. 2. Schematic diagram of the HRS simulation model,
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behavior of conventional vehicles [39]. The dispenser’s pre-cooling unit
is assumed to consume 0.3 kWh electrical energy per kg of dispensed
hydrogen while having a stand-by demand of 2.25kW [48]. The high
pressure storage tank is not designed for providing long-term storage
capabilities but as a buffer during the refueling process. Its capacity
amounts to 43kg at 1000bar. Simulation is conducted in hourly time
steps over one year. The operating strategy is rule-based and requires
the electrolyzer to primarily use the wind farm’s energy, and to draw
energy from the grid only if the low pressure storage tank’s pressure
level drops below a threshold pressure. This simulation framework uses
linearization and adapted linear equation system optimization per each
section [49]. It has already been presented in detail [39], while the
sub-models were developed in the course of a project at an existing HRS
in Berlin, Germany and are described in the final project report [50].

4. Application to real-world scenarios

The presented methodology is applicable to any country or scenario.
Since data is available for Germany, it is applied to this country in the
following. In Section 4.1 three scenarios are defined, while cost assump-
tions are presented in detail in Section 4.2.

4.1. Scenarios

In this analysis, three scenarios are considered. All scenarios share
the general setup of the HRS described above. The electrolyzer can draw
energy from the electricity spot market and the connected wind farm. If
the wind farm provides more power than the electrolyzer can consume,
surplus energy can be sold at the spot market. All other components rely
on the spot market only, since it must be ensured that operation is pos-
sible at any given point in time. Decision variables of optimization are
depicted in Table 3. The electrolyzer's rated power is chosen according
to an existing electrolyzer with 454 kW rated power at an HRS in Berlin,
Germany. The lower end of this decision variable’s range corresponds
to 40% of this electrolyzer's rated power, and the step size amounts
to 20%, accordingly. While the station’s operating strategy generally is
based on rules, it is also influenced by topology optimization via the de-
cision variable “threshold pressure”. If the low pressure storage tank’s
pressure is higher than the threshold pressure, only electric energy from
the wind farm can be used, and spot market participation is prohibited.
This mechanism ensures that grid electricity is only used if necessary,
i.e. the storage tank’s SOC is so low that proper station operation might
be at stake otherwise.

The number of dispensers is not varied during optimization but de-
termined beforehand based on the demand profile. The average daily
demand is compared to the average demand of HRS classifications de-
fined by H2Mobility [43]. The number of dispensers then is chosen
according to the respective HRS class. It is assumed that only one
pre-cooling unit is sufficient for any configuration. The target of opti-
mization is to achieve configurations with the lowest possible levelized
cost of hydrogen (LCOH,) in €/kg. It is determined by summing up the
Equivalent Annual Cost (EAC) of all components and dividing the sum

Table 3
pecision variables of optimization.

Decision variable Range Step size
Wind farm’s rated power 0-9000 kW 100kW
Electrolyzer's rated power 182-4086 kW 91 kW
Volume of low pressure storage tank 20-860m* 20m?®
Threshold pressure 10-30bar Sbar
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by the amount of produced hydrogen. The EAC of a component can
be calculated based on the Capital Recovery Factor (CRF), the discount
rate r, the life span t, the capital expenditures (Capex), the fixed opera-
tional expenditures (Opexg,) and the variable operational expenditures
(Opex,,,) according to the following equations.

EAC = Capex = CRF + Opexg, + Opex,,,

rx(l+ry
CRF = ——
A +ry—1

All scenarios comprise hydrogen demand from carsharing fleets. The fol-
lowing fleet sizes are taken into account: 10, 20, 50, 100, and 200 ve-
hicles. In scenario 3, private demand is taken into account additionally.
So the HRS configuration has to be capable of supplying not only the
carsharing fleet but also private customers. It is assumed, though, that
in the current initial phase of hydrogen infrastructure build-up, private
demand is missing. So the HRS has to be ready to serve private demand
as soon as it occurs, but earnings from selling hydrogen to these cus-
tomers are missing. The capacity that has to be provided additionally
for private cars is assumed to amount to 53kg per day, corresponding
to HRS class “very small” [43]. Scenario 2 is a mixture of scenarios 1
and 3, since only 25% of private demand (very small) is required to be
served in addition to the carsharing fleets. But the minimum HRS size is
required to have a capacity of at least 53kg per day (serving both fleets
and private cars).

4.2, Cost assumptions

For each component, Capex, Opexg, as well as Opex,,, are consid-
ered. Cost data are derived by evaluating several literature sources and
do not include potential cost reductions in the future. Exchange rates
[51] and price increases [52] are applied to Capex and Opexg,. Thus,
all cost information has been recalculated for the amount in € in the
year 2016. Electrolyzer Capex are assumed to be dependent on its rated
power, so a cost function is provided. All cost assumptions are sum-
marized in Table 4. The assumed compressor is capable of handling
33.6kg/h.

Furthermore, costs of planning, permitting, and installation are
taken into account for all components except the wind turbine, as these
costs are already included in its Capex. These additional costs are ap-
proximated via the sum of all Capex multiplied by a factor of 0.4 [63].
Opex,,, are determined in the course of simulation and include energy
costs as well as taxes and surcharges on obtained energy.

5. Results

In the following, results for each aspect investigated are presented
separately. In Section 5.1 refueling behavior of carsharing and private
vehicles is analyzed and resulting demand profiles are presented. The
topology optimization affects hydrogen production costs as well as ideal
HRS configurations. These results are presented and discussed for each
scenario in Section 5.2,

5.1. Refueling behavior and demand profiles

Regarding carsharing vehicles, the maximum number of refueling
events per hour and vehicle amounts to 0.016. On average, 0.165 refu-
eling events take place per day and vehicle, while the maximum num-
ber of refueling events per day and vehicle is 0.204. The derived refu-
eling behavior can be expressed as relative refueling probabilities for
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Table 4
Cost assumptions.
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Component Capex Opexg, Life span Source
Electrolyzer, P: power in kW 3013 € * (P/kW)P885 60 €/(kW*a) 20 a [53-55]
Storage (50 bar) 632 £/kg 6 £/(kg*a) 30a [56,48,57,58]
Storage (1000 bar) 1144 ¢/kg 11 €/(kg*a) 20a
Compressor 394,398 ¢ 19,720 €/a 20a [58-60]
Dispenser 107,000 ¢ 5350 €/a 20a [58,59]
Pre-Cooling 140,000 € 7000 €/a 20a [58,61]
Wind turbine 1547 €/kW 56 €/(kW*a) 20a [62]

each hour of one week (see Fig. 3). Probabilities turn out to be very St

similar for weekdays from Monday to Thursday, so they are not shown

and discussed separately. Moreover, Fridays are almost identical as well, i

but only until 2pm (blue line vs. red line). Beyond this point in time, "é

the number of refueling events is generally higher on Fridays. The dif- *é 3r

ference is reduced during night hours and reaches zero at the overall E

minimum of refueling events between 4 am and 5 am. Except for a first g 2

peak between 9 am and 10 am, the number of refueling events per hour o~

on weekdays rises monotonically until the maximum at 9pm. Refueling & 1+

behavior differs on weekends (green and purple line). The minimum is

only slightly delayed and occurs between 5 am and 6 am, and the ramp ) ; )

up of refueling events per hour is steeper and reaches its maximum ear- Mon Tue Wed Thu Fri Sat Sun

lier at 3pm. On Saturdays there is a plateau until 9pm, while on Sun- Time

days the number of refueling events starts to decline at 6 pm.

On average, the annual distance traveled amounts to 19,720 km per
vehicle. Derived demand profiles for different fleet sizes differ accord-
ingly. They are not scaled based on one profile (e.g., for one vehicle)
but generated stochastically. Hourly demand profiles for one exemplary
week and fleet sizes of 50 and 100 vehicles are depicted in Fig. 4 and
Fig. 5, respectively.

Private refueling behavior differs significantly from carsharing refu-
eling throughout the week. It is depicted in Fig. 6. In general, there is
only little refueling between 9pm and 5 am on all days of the week.
Similar to the carsharing refueling behavior, there is a rise in refueling
events at about 6 am, but in contrast, it is more rapid for private vehi-
cles. A further similarity is the delayed rise in refueling events on week-
ends. There is a plateau for weekdays with an evening peak at 5pm fol-
lowed by a rather sharp decline until 9 pm. On Sundays, there is a signif-
icant peak between 12 noon and 1 pm, while Saturday’s profile is simi-
lar to weekdays. Overall, the modeled profile of private vehicles is less
coherent and more fluctuating. This might be due to the limited time
frame of data acquisition and number of refueling stations surveyed.
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Fig. 3. Relative probabilities of refueling events (carsharing vehicles) within one week
(averaged for Monday to Thursday).

Fig. 4. Exemplary demand profile of 50 carsharing vehicles.
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Fig. 6. Relative probabilities of refueling events (private vehicles) within one week (aver-
aged for Monday to Thursday).

In contrast to the approach dealing with carsharing refueling, pri-
vate refueling behavior is modeled with the help of seasonal profiles,
The distribution of refueling events among the months is shown in Fig.
7. The depicted values exclude the effect of different numbers of days
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Fig. 7. Seasonal refueling probability.

per month. Between November and March, there are less refueling
events per month than during the rest of the year. July and October
show the most refueling events. An hourly demand profile is depicted in
Fig. 8.

5.2. Topology optimization

All three scenarios are compared in terms of LCOH, in Fig. 9. For
the sake of better readability and comparability, Fig. 10 shows a se-
lection of configurations. Scenarios are differentiated by the amount of
private hydrogen demand, with which the HRS has to be able to cope
with in addition to the demand of fleets. There are three scenarios with
five fleet sizes each, and the results of these configurations are used as
sampling points (depicted as gray circles). All other values are calcu-
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Fig. 8. Exemplary demand profile of private vehicles.
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Fig. 9. Levelized cost of hydrogen (LCOH,) for combinations of private demand (d,,,) and
number of fleet vehicles (n,). Private demand does not occur, but respective HRS capacity
is required.
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Fig. 10. Levelized cost of hydrogen (LCOH,) for combinations of private demand (d,;,)
and number of fleet vehicles (n,). Private demand does not occur, but respective HRS ca-
pacity is required. This figure depicts a section of Fig. 9.

lated via cubic interpolation. LCOH, of cases with small fleets are very
high in relation to LCOH,, of larger fleets. They are also high compared
to the current price that hydrogen is sold at in Germany of 7.98 ¢/kg
(plus tax) [64]. For example, fleets of 10 and 20 vehicles result in
LCOH, of about 80¢/kg and 50 t/kg, respectively. Increasing fleet size
leads to significantly lower LCOH, of about 15¢/kg in case of 100 vehi-
cles and 11 €/kg if 200 vehicles are utilized.

When relaxing the boundary condition of oversizing the HRS for pri-
vate vehicles, LCOH, can be reduced. For example in case of 50 vehi-
cles, LCOH, can be reduced from 23.94 €/kg by 3% to 23.24€/kg if the
additional capacity is lowered to 13kg/d and to 23.21 €/kg if no addi-
tional capacity is required at all (see Fig. 10). None of the combinations
reaches the market price of hydrogen.

All scenarios require the HRS to be designed to also be capable of
serving private demand to a certain extent (except scenario 1), but in
the current phase of HRS deployment, it is assumed that private de-
mand has a negligible effecton revenue. Nevertheless, the HRS capac-
ity must be sufficient for dealing with private demand if it arises in
the future. Fig. 11 reveals how LCOH, is affected if private demand
actually does occur in the future. Results of scenario 1 are identical,
since no private demand is assumed at all - in terms of neither capacity
nor actual refueling. All other scenarios benefit, and LCOH, is reduced.
For example, scenario 3 (53kg/d private demand) with 100 carshar-
ing vehicles leads to 12.73 €/kg instead of 15.98 €/kg (—20%). More-
over, even if private demand is present, fleets can reduce LCOH, sig-
nificantly, e.g., from 14.44 €/kg (50 vehicles) to 11.21 mé€/kg (200 vehi-
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Fig. 11. Levelized cost of hydrogen (LCOH;) combinations of private demand (d,;,) and
number of fleet vehicles (n,). Private demand is assumed to occur,
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cles) in scenario 3. Nevertheless, LCOH; does not drop below 10 €/kg in
any case.

In the following, only the case of missing private demand is dis-
cussed. Nevertheless, in these cases the HRS's capacity is required to
also be sufficient in case private demand arises in the future. The follow-
ing figures depict the decision variables of all configurations. Results of
evaluated configurations are used as sampling points (depicted as gray
circles). The rated power of the electrolyzer (Py,, see Fig. 12) increases
with fleet size as well as private demand. There is a plateau for small
fleets or low private demand due to the minimum rated power allowed.
Thus, in most of these cases, the electrolyzer can be regarded oversized.
The rated power of the wind turbine (P, see Fig. 13), however, only
increases with fleet size but is constant for different amounts of addi-
tional private demand. This is due to the wind turbine not being neces-
sary, since its energy provision can be substituted by grid energy. Thus,
in some cases (fleet demand rising), its rated power is increased while in
other cases (private demand rising), it remains unchanged. The reason
is that the wind turbine can reduce electricity costs only if adapted to
the actual demand. The depicted private demand is assumed to not ac-
tually occur and lead to revenue, but only induce additional HRS capac-
ity to cope with possible private demand in the future. Thus, the wind
turbine’s rated power only is adjusted to fit fleet demand.

The volume of the low-pressure storage tank (V,p) in general
smoothly increases with fleet size and private demand (see Fig. 14).
One exception is scenario 3 (private demand of 53kg/d) with 50 car-
sharing vehicles, which shows a sharp increase compared to the same
scenario with 20 fleet vehicles (60m? vs. 40m?). This is due to the al-
lowed step size of 20m?®. Thus, it can be assumed that the low-pressure

——

d, in kg/d 0 0 n,

Fig. 12. Rated power of the electrolyzer (Pg,) for combinations of private demand (d,,)
and number of fleet vehicles (n,).

in MW

d, inkg/d 0 0 =

Fig. 13. Rated power of the wind turbine (Py) for combinations of private demand (d,,;,)
and number of fleet vehicles (n,).
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Fig. 14. Volume of the low-pressure storage tank (V;ps) for combinations of private de-
mand (d,;,) and number of fleet vehicles (n,).

storage is oversized in the case of 50 vehicles. As a result, the respective
electrolyzer power is not increased and thereby complements the larger
storage tank volume. Moreover, it can be noticed that storage tank vol-
ume has to be adjusted even in cases of an oversized electrolyzer. The
threshold pressure (p,,.,) shows volatile behavior (see Fig. 15), indicat-
ing that it is adjusted individually to every configuration.

6. Summary, conclusion and outlook

Fuel cell vehicles using hydrogen as a fuel and carsharing are two
means to cope with pollution and noise in cities. Their full potential un-
folds when both concepts are combined. One major challenge is to pro-
vide a suitable refueling infrastructure for hydrogen carsharing fleets.
Until now it has been unclear how such refueling infrastructure, i.e. hy-
drogen refueling stations, has to be designed and which costs are as-
sociated with infrastructure build-up. The paper at hand provides data
on refueling behavior of conventional carsharing and private car dri-
vers. Moreover, a methodology for deriving hydrogen demand profiles
as well as for topology optimization of hydrogen refueling stations was
presented. Topology optimization is based on a detailed HRS simulation
model comprising onsite electrolysis and wind turbine connection. Sim-
ulations were conducted for one year in hourly resolution.

These methodologies were applied to three scenarios comprising five
cases of different fleet sizes (10 to 200 vehicles) each. Thus, in total
15 setups were evaluated. Scenarios differ in a boundary condition for
topology optimization, which requires the station’s capacity to be ca-
pable of additionally serving private hydrogen demand. The amount

Pinres in bar

dyinkgd 0 0 i

Fig. 15. Threshold pressure of the low pressure storage tank (py,.,) for combinations of
private demand (d,,;,) and number of fleet vehicles (n,).
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of private demand ranges from Okg/d (scenario 1) to 13kg/d (scenario
2), and up to 53kg/d (scenario 3).

Results show that the relative frequency of refueling events differs
significantly during the course of one day. Furthermore, Saturdays and
Sundays exhibit different refueling event distribution compared to other
weekdays. Thus, refueling behavior has to be taken into account when
sizing HRS to serve carsharing vehicles in order to obtain technically
feasible and most cost efficient configurations. Different fleet sizes re-
quire individually adjusted HRS topology in order to achieve the lowest
possible LCOH,. The minimum electrolyzer power allowed in this op-
timization are oversized for smaller fleets. It ranges from 182kW (10
vehicles) to 272kW (200 vehicles). Wind turbine power varies from
100 kW to 800kW. Low-pressure storage tank volume ranges from 20 m*
(allowed minimum) to 60m?. LCOH, proves to be very high for small
fleets, since some components are oversized due to minimum allowed
dimensions and the electrolyzer’s specific costs being high in case of rel-
atively low rated power. Fleets of 10 vehicles induce LCOH, of about
97 €/kg, while increasing fleet size can reduce costs significantly, e.g.,
to 23 €/kg in case of 50 vehicles and 12 €/kg for 200 vehicles. However,
costs are still high compared to the price of 7.98 €/kg at which hydro-
gen is currently sold at in Germany. This gap might be overcome by cost
reductions in the future.

When requiring the HRS to also provide capacity for future private
demand (scenarios 2 and 3), costs slightly increase. For example in case
of 50 carsharing vehicles LCOH, increase by 3% (scenarios 2 and 3).
The additionally required capacity affects electrolyzer and storage tank
sizing but not the wind turbine, since its rated power is optimized to fit
the actually occurring demand, and it can be supplemented by the elec-
trical grid in case of additionally required electric energy.

Overall, this analysis provides important insights into infrastructure
requirements for carsharing with fuel cell vehicles and its associated
costs. It quantifies the relation between fleet size and hydrogen produc-
tion cost. It can be concluded, that costs have to be further decreased
to facilitate economically viable HRS operation for carsharing vehicles.
Furthermore, oversizing of HRS for carsharing fleets in order to also
serve private vehicles in the future is simulated, and costs are deter-
mined.

Future research could improve data and subsequent evaluation of re-
fueling behavior of private drivers, since this analysis is based on only
two profiles comprising two weeks each. Furthermore, centralized hy-
drogen production and delivery via trailer can be included in the model.
Investigating spatial requirements of HRS siting and implementing a lo-
cation model would add further value to this analysis.
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