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HIGHLIGHTS

o A novel concept of a hybrid hydrogen/electricity refueling station is proposed.
e The uncertainties are considered and their potential risk is quantified.
e The optimal strategy is obtained by reformulating the problem into a MILP model.
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This study introduces a novel concept to provide both electric charging and hydrogen refueling at the same
location. A hybrid hydrogen/electricity refueling station (HERS) powered only by solar photovoltaics in a remote
area without access to the electrical grid is proposed. This station provides electricity for battery electric vehicles
(BEVs) and simultaneously produces hydrogen for hydrogen fuel cell vehicles (HFCVs). Owing to the variability
of PV power output and electricity price, electricity and hydrogen demands, this study investigates a possible
operational strategy for the offgrid HERS. The objective is to propose optimal operational strategies for such a
station to maximize profits by selling electricity and hydrogen to owners of both BEVs and HFCVs. Failure to
supply electricity and hydrogen is treated as a penalty in the target function. The scenario-based stochastic
method is adopted for this uncertainty modeling, and the conditional value-at-risk is also considered for eval-
uating the financial risks. The results reveal that 1) the proposed HERS can simultaneously supply the demands of
the BEVs and HFCVs and 2) the behavior of HERS (providing energy to BEVs or HFCVs) is determined by several
major factors, namely, electricity and hydrogen prices, and the penalty coefficients.

attention as an alternative to fossil fuel vehicles (FFVs). BEVs and HFCVs
can reduce the emissions of air pollutants and greenhouse gases signif-

1. Introduction

With the rapid development of the world economy and population,
demand rates for fossil fuel depletion have increased dramatically dur-
ing the 21st century, increasing the risk of energy instability worldwide
[1]. Statistics from BP Energy Outlook 2016 [2] and BP Statistical Re-
view of World Energy 2016 [3] show that the global oil consumption
increased by 1.9 million barrels per day, approximately two-thirds of
which was caused by the transportation sector. The increased use of
internal combustion engines for transportation is one of the main causes
of environmental pollution [4]. Thus, the use of battery electric vehicles
(BEVs) and hydrogen fuel cell vehicles (HFCVs) has attracted much
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icantly compared to FFVs [5,6]. Energy for BEVs and HFCVs can come
directly or indirectly from renewable energy sources (e.g., photovoltaic
or wind turbines) without producing pollution. There are many types of
fully or partially powered electric vehicles worldwide, including pure
electric vehicles, hybrid electric vehicles, and plug-in hybrid electric
vehicles. Such vehicles are all more environmentally friendly and energy
efficient than FFVs [7]. In recent years, HFCVs have been produced by
several vehicle manufacturers including Nissan Motor Corporation,
Toyota Motor Corporation, and Fiat Chrysler Automobiles [6]. However,
the transition from FFVs to BEVs and HFCVs depends on the wide
availability of electric charging stations and hydrogen refueling stations.
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Nomenclature PFemax Maximum fuel cell power (kW)
P™NK  Hydrogen storage tank pressure (Mpa)
A. Abbreviation PBEV Power demand of BEVs at time t and scenario s (kWh)
BEVs Battery Electric Vehicles R Gas constant (Mpa (mol K)™ 1)
CVaR Conditional Value at Risk Rezrs The expected profits of HERS ($)
ESSs Ener.gy Storage S}fstems TTANK  The temperature of the hydrogen tanks (K)
FFVs Fossil-Fueled Vehicles TAMB Ambient tem ¢ t time ¢ and i0 s (°C)
HERS Hydrogen/Electricity Refueling Station Ls perature at ime tand scenario s
HFCVs  Hydrogen-Fuel Cell Vehicles TC, PV module temperature at time ¢ and scenario s (°C)
HRS Hydrogen Refueling Station TREF PV module temperature at the reference condition (°C)
HST Hydrogen Storage Tank AT Time constant
LCOH  Levelized Cost of Hydrogen VELE The value of the operational voltage (V)
MILP Mixed-Integer Linear Programming V[ANK yANC The hydrogen stored in the hydrogen storage tank at
PEM Proton Exchange Membrane time ¢ and scenario s and at time ¢-1 and scenario s (m®)
PV Photovoltaic VAFCY The hydrogen demand of HFCVs at time ¢ and scenario s
RESs Renewable Energy Sources ’ (m?)
B. Index YTANKmin - Minimum volume of the hydrogen storage tank (m®)
s Scenario index VTANKmax  Maximum volume of the hydrogen storage tank (m®)
t Time index ncoM The efficiency of the compressor (%)
Qs Total scenarios nc The efficiency of the fuel cell (%)
T Total simulation time nPV<ew The converter efficiency between the PV and the
C. Parameters electrolyzer (%) _
EP, Electricity price at time ¢ (§/kWh) pFceonv The conyerter efﬁ‘c1enc'y between fuel cell and BEV (%)
eBEV Penalty coefficient caused by the non-supplied demand of Sovar CVaR Wlt}.l a confidential le\;el *
BEVS ($/kWh) Conﬁde:r{tlal level of CVaR (%) .
Ps Probability of occurrence at scenario s

efFcv Penalty coefficient caused by the non-supplied demand of
HFCVs ($/m®)

F Faraday constant (C mol ™)

GZ s Solar radiation at time t and scenario s (W/m?)

GREF Solar radiation at reference conditions (1000 W/m?)

HP Hydrogen price ($/m%)

kP Temperature coefficient of the peak power (1/°C)

ME Amount of hydrogen produced by the electrolyzer (mol
h

M€ Amount of hydrogen consumed by the fuel cell (mol h™?)

pPrv PV power output at time t and scenario s (kW)

PPVmax  The size of the PV power station (kW)

PELEmin  Minimum electrolyzer power (kW)

PELEmax Maximum electrolyzer power (kW)

PFCmin— Minimum fuel cell power (kW)

D. Decision variables

PFC-BEV. power supplied to the BEVs generated from the fuel cell
(kW)

PRE-BEV. Power supplied to the BEVs from the PV power station
(kW)

PRE-ELE power supplied by the PV power station to the electrolyzer
(kW)

ELE Binary variable used to control the electrolyzer behaviors
ute Binary variable used to control the fuel cell behaviors

VTANK-HFCV power supplied to the HFCVs from the hydrogen storage
tank (m®)
Cards Auxiliary variables for calculating CVaR

For a truly clean hydrogen economy, hydrogen for HFCVs must be
produced from renewable electricity [8]. Such hydrogen is referred to as
green hydrogen.

Unlike HFCVs, BEVs can be electrically charged directly without
energy conversion. Currently, there are different types of batteries
available, including lead-acid, sodium-ion, and nickel- and lithium-ion
batteries [9]. Among these battery technologies, lithium-ion batteries
are currently the most popular choice for BEVs because of their excellent
characteristics, e.g., high specific energy and power, and long lifetime.
Various types of BEV charging stations have been introduced in the
literature [10]. Currently, most of them use either grid electricity or PV
power with a grid backup. The design and analysis of a BEV charging
station where the electricity comes from PV, are investigated in Refs.
[11-13]. The mutual benefit of charging a plug-in hybrid BEV with PV is
highlighted in Ref. [14]. The main disadvantage of charging BEVs with
PV alone is the intermittency of PV generation. To overcome this
disadvantage, charging stations are usually connected to the grid.
Additionally, an increasing number of them are being connected to en-
ergy storage systems (ESSs) [15,16]. ESSs are charged when there is a

surplus of PV power. Subsequently, the stored electricity is used to
charge BEVs when PV power is insufficient. Three different methods of
charging/discharging the local storage are compared and analyzed in
Ref. [17] and the results indicate that a sigmoid function is the best
strategy to manage storage behavior. In this work, BEVs are charged
with PV power and the storage device is also considered to reduce the
effects of PV intermittency.

HFCVs are powered by hydrogen and can be refueled at a hydrogen
refueling station (HRS). Hydrogen (Hy) is a naturally occurring molecule
in the air; however, it can also be synthetically formed from water
(H20), methane (CHy4), biomass, or coal [18-20]. Several common
methods of hydrogen production include electrolysis; steam reforming
of natural gas, methanol, and gasoline; and coal gasification [18,19,21].
Among these, water electrolysis has the potential to emit zero air pol-
lutants and greenhouse gases if the electricity used for it comes from a
clean and renewable energy source (RES) [18,19,22,23]. Electrolysis
produces hydrogen in capacities varying from small amounts (cm®/min)
to large amounts (m3/h), and its efficiency is usually over 70% [24].
Hydrogen produced from electrolysis is called electrolytic hydrogen.
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Electrolytic hydrogen can either be produced far from a refueling
station and sent by pipelines to the refueling station or it can be pro-
duced at a refueling station using electricity transmitted to or produced
at the refueling station. [22, Supplemental Information, Section S4]
proposed the production of hydrogen at local refueling stations using
transmitted electricity to avoid the need for hydrogen pipelines. Elec-
tricity from photovoltaics (PVs) located at the refueling station can also
be used to produce hydrogen. Such a system is most advantageous in
remote locations, as they are far from any electrical transmission grid.
Once supported by electricity storage systems such as batteries or sta-
tionary hydrogen fuel cell storage systems that generate electricity on
demand, HRS systems can become more independent of the electricity
grid. Several studies have investigated the design and operation of
hydrogen production systems based on renewable energy resources
[25-27]. Based on a techno-economic analysis, a wind-powered HRS
with a 200 HFCVs refueling capacity is analyzed in Ref. [27]. The results
indicate that the levelized cost of hydrogen (LCOH) varies from
$5.18/kg Hy to $9.62/kg Hj. The technical and economic potential of an
on-grid HRS powered by a hybrid wind-solar system is investigated in
Ref. [28], and the LCOH is €10.3/kg, which is more expensive than a
wind-powered HRS. The technical potential of hydrogen production
powered by a hybrid energy system including solar, wind, geothermal,
and hydroelectric energy is investigated in Ref. [29]. The results show
that PV power contributes the most to hydrogen production.

In this work, an autonomous hybrid hydrogen refueling station for
HFCVs/electricity for BEVs powered by PV power and storage is pro-
posed and modeled for a remote off-grid area. The proposed offgrid
hybrid hydrogen/electricity refueling station, which consists of a PV
power station, electrolyzer, compressor, hydrogen storage tank, and
stationary hydrogen fuel cell storage system, can simultaneously pro-
vide hydrogen to BEVs and power to HFCVs. The hydrogen demand of
HFCVs is met by the hydrogen in the hydrogen storage tank. The elec-
tricity required for the BEVs can come directly from either the PV panels
or from the stationary hydrogen fuel cell storage system. Notably, all the
electricity for the system originates from the PVs. With the proposed
model, this work investigates the operational strategy of HERS consid-
ering the variability of PV power output, electricity demand variability
by BEVs, and hydrogen demand variability by HFCVs. Few papers have
analyzed the operation of an HRS powered by renewable electricity
[30]. To address the inherent uncertainties mentioned, a scenario-based
stochastic optimization method is employed to schedule HERS. This
method has been widely used for operational problems [31,32]. In
addition, the conditional value at risk (CVaR), as a risk measure, is
applied to control the risk of these uncertainties [33]. CVaR is intro-
duced based on the value at risk (VaR), which indicates that the loss
exceeds the expected loss of VaR at a given confidence level. A more
detailed description of the CVaR can be found in Ref. [34].

The main contributions of this paper can be summarized as follows:

1. An autonomous hybrid hydrogen/electricity refueling station, pow-
ered by solar photovoltaics and capable of supporting the energy
demand of both BEVs and HFCVs simultaneously, is proposed. To the
best of the authors’ knowledge, this concept has not been previously
reported in the literature.

2. This work considers the variability of PV power output, BEV elec-
tricity demand, and HFCVs hydrogen demand by using a scenario-
based stochastic optimization method to investigate the opera-
tional problem of the proposed HERS to maximize profits. Moreover,
the CVaR methodology is applied to quantify the potential risk of the
operational problem.

3. Simple models are constructed in this work to represent the elec-
trolyzer, hydrogen storage tank, and fuel cell. This allows us to
reformulate the operational problem into a mixed-integer linear
programming (MILP) problem. Based on the developed MILP prob-
lem, the global optimal operational strategy is obtained using
Gurobi.
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Fig. 1. Schematic diagram of an autonomous hybrid hydrogen refueling/power
charging station powered by a PV power station.

The following sections are organized as follows. Section 2 describes
the PV output model and the hydrogen production system model;
moreover, it formulates a MILP problem. Section 3 provides a case study
to validate the proposed HERS. Finally, Section 4 is the conclusion.

2. Models and problem formulation
2.1. Models

In this work, an autonomous hybrid hydrogen/electricity refueling
station powered by a PV power station is proposed. The schematic di-
agram of the proposed system, consisting of a PV power station, elec-
trolyzer, hydrogen storage tank (HST), fuel cell, and two dispensers, is
shown in Fig. 1. The red and black arrows in Fig. 1 represent the power
and hydrogen flow, respectively. The power generated by the PV power
station can be divided into two parts: one part is directly supplied to
electric vehicles when there is adequate PV power and the other part is
used to produce hydrogen by using an electrolyzer. Afterward, the
produced hydrogen is compressed into a hydrogen storage tank via a
compressor. The hydrogen storage tank supplies hydrogen to the
hydrogen-fueled vehicles and fuel cell to generate electricity for electric
vehicles. The fuel cell works to generate electricity when the PV power is
insufficient. All the energy of HERS comes from the PV power station
which can help to achieve zero-emissions. Therefore, it is clear that
HERS are especially important for the spread of BEVs and HFCVs. This
section presents the models of each component of the proposed HERS.

2.1.1. PV power station

Recently, the popularity of RESs, e.g., solar power, has increased
significantly. The uncertainty of PV power output is a challenge for the
power system. To reduce the negative impact of the uncertainty and
intermittency of PV power output, it is necessary to forecast and esti-
mate solar radiation. Many studies have estimated solar radiation based
on historical data. The uncertain solar radiation can be modeled by the
probability density function to forecast PV power outputs. To produce
solar radiation scenarios, the normal distribution function can be
employed. The available power generated by the PV power station in
each period and scenario can be formulated as [35]:

T

G,
P::Y _ ”PV.comrPPV.maxGRf-E-\F {1 + K (T:jA _ TREF)} 'e))
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7¢, =T + (0.0256 x G, ) @

where PPV represents the size of the PV power station. n7V<°" rep-
resents the converter efficiency between the PV and the electrolyzer.
PPVmax represents the size of the PV power station. G., represents the
solar radiation at time t and scenario s. GREF represents the solar radia-
tion at reference conditions. k¥ represents the temperature coefficient of
the peak power. Tfs represents the PV module temperature at time t and
scenario s. TREF represents the PV module temperature at the reference
condition. Finally, TAMB represents the ambient temperature at time t
and scenario s.

2.1.2. Hydrogen production system modeling

Many hydrogen production systems models can be found in the
literature [36-38]. However, some of these models are too complex,
have incomplete parameters, or use the off-the-shelf tool (HOMER). To
address these problems, this paper introduces a relatively simple
hydrogen production system model with detailed parameters. The
model can be used for its design and operational problems. The
hydrogen production system includes an electrolyzer, hydrogen storage
tank, and fuel cell. Notably, the hydrogen production system also con-
tains other components such as a compressor and a cooling system.
When PV power is available, it can be converted into hydrogen through
an electrolyzer and stored in a hydrogen storage tank. Consequently, the
stored hydrogen can be supplied to satisfy the demands of HFCVs and
fuel cells to generate electricity to meet the demands of BEVs. Detailed
models of the electrolyzer, hydrogen storage tank, and fuel cell are
presented below.

2.1.2.1. Electrolyzer. The Proton Exchange Membrane (PEM) is selected
in this work as the electrolyzer [39], which is a relatively new tech-
nology compared to the alkaline electrolyzer. However, its construction
is simpler than that of the alkaline electrolyzer [40]. Theoretically, the
efficiency of the PEM electrolyzer can reach up to 94% under a higher
heating value [41]; however, the best efficiency so far is over 85% [42,
43]. In the electrolysis process, the electrolyzer breaks down water into
hydrogen and oxygen. This process can be expressed as:

1
H,O0 + electricity—H, + E02
The lower and upper limits of the power consumed by the electro-

lyzer are given below (Eq. (4)). The amount of hydrogen produced by
the PEM electrolyzer may be formulated as follows:

RE_ELE
MELE _ COMP’-,.‘ AT (3)
s M QVREF
PELE,min U[ESLE S Pff_ELE S PELE,max UffE (4)

where MELE represents the amount of hydrogen produced by the elec-
trolyzer. #°°M represents the efficiency of the compressor. PRe-"** rep-
resents the power supplied by the PV power station to the electrolyzer.
AT represents the time constant. VFLE is the value of the operational
voltage. F is the faraday constant. PELEmin and PELEmax represent the
minimum and maximum electrolyzer power, respectively. Finally, UELE
represents the binary variable used to control the electrolyzer behavior.

2.1.2.2. Fuel cell. Fuel cells generate electricity to satisfy the demand of
BEVs by consuming the stored hydrogen. The PEM fuel cell performs
well at startup and shutdown. Therefore, it may be the most suitable
choice among all types of fuel cells [44]. The chemical reaction occur-
ring in the PEM fuel cell is as follows:
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1
Hz + 502 —>H20

The lower and upper limits of the stored hydrogen consumed by the
PEM fuel cell are given below (Eq. (6)). The amount of hydrogen pro-
duced by the PEM electrolyzer may be formulated as follows:

FC_BEV
re_ P AT )
rs 2.96'/]FC’7FC.C(IILVF
PFC.minUf:C SP{-:YC S PFC.mafoSC (6)

where MI¢ represents the amount of hydrogen consumed by the fuel cell.
PFC-BEV represents the power supplied to the BEVs from the PV power

station. ;¢ represents the efficiency of the fuel cell. #7¢<°™ represents
the converter efficiency between the fuel cell and BEV. PF¢:min and pF¢.max
represent the minimum and maximum fuel cell power, respectively.
Finally, U represents the binary variable used to control the fuel cell
behavior.

2.1.2.3. Hydrogen storage tank. The hydrogen storage tank can store the
hydrogen produced with the available power generated by the PV power
station. Afterward, the stored hydrogen can be used to meet the demand
of HFCVs and BEVs. It is assumed that no leakage occurs in the hydrogen
storage tank [40]. The initial amount of hydrogen in the hydrogen
storage tank is assumed to be 50% of the tank size in this work. Notably,
the electrolyzer and fuel cell cannot operate simultaneously. However,
the hydrogen storage tank can supply hydrogen to the HFCVs and fuel
cells simultaneously. Eq. (7) can manage the electrolyzer and fuel cell
behavior to prevent them from working at the same time. The dynamic
equation of hydrogen volume in the HST is given in Eq. (8). Finally, the
minimum and maximum limits of HST are given in Eq. (9).

URF+ U <1 ™
v v+ B (e ) - v ®
VTANK.min S VZ:/:NK S VTANK‘max (9)
where V/2¥€ and V4K represent the hydrogen stored in the hydrogen

storage tank at both time t and scenario s as well as at time t-1 and
scenario s. R represents the gas constant. T™NK represents the temper-
ature of the hydrogen tanks. PTANK

pressure. VIANK-HFCV represents the power supplied to the HFCVs from

represents the hydrogen storage tank

the hydrogen storage tank at time t-1 and scenario s. VANKmIn and
VTANK:max represent the minimum and maximum volume of the hydrogen
storage tank, respectively.

2.1.3. Conditional value at risk

In this work, the CVaR is used to control the financial risks caused by
the uncertainties of PV power outputs and the behavior of BEVs and
HFCVs. CVaR is coherent and can preserve the convexity of the opti-
mization models. Thus, the optimization problem is manageable. CVaR
can be calculated using the following equations [45].

1 &
Eovar = max (a:a S pr) (10)

St ¥, 28y — Ry, Vs an

7, >0,Vs (12)

where £cy .z represents the CVaR with a confidential level of a. ¢, and y,
are auxiliary variables. a is the confidential level of CVaR. Finally, p,
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represents the probability of occurrence at scenario s. In the above
equations, if the value of expected revenue, R;, in scenario s is greater
than ¢,, y, is considered to be zero. Otherwise, y, is equal to the dif-
ference between R, and ¢,. Therefore, the optimal expected revenue is
equal to ¢, under the confidence degree of a[46].

2.2. Problem formulation

This work proposes an autonomous HERS powered by a PV power
station to provide energy for BEVs and HFCVs in a remote area. The
HERS retailer sells hydrogen to HFCVs and electricity to BEVs to obtain
maximum profits. However, the demand for BEVs and HFCVs may not be
completely satisfied during the day as the HRPCS is off-grid and PV
power production, as well as the demand for BEVs and HFCVs, are un-
certain. Eq. (13) shows the objective of the work, which is to maximize
the expected revenue considering the CVaR risk. The first term of Eq.
(13) is the expected revenue of HERS, and it is calculated by Eq. (14).
The second term of Eq. (13) is the calculation of the CVaR risk, which is
multiplied by a weighting factor $ (e.g., the risk preference of decision-
makers). A higher f value indicates that a decision-maker can only
tolerate low financial risks. Eq. (14) contains four parts, which are the
revenue generated from the sale of power to BEVs (first term) and from
the sale of hydrogen to HFCVs (second term), the penalty caused by the
non-supplied demand of BEVs (third term) and the penalty caused by the
non-supplied demand of HFCVs (last term). The sum of the power sup-
plied to the BEVs and electrolyzer is limited by the PV power output,
which is given in Eq. (15). Eq. (16) shows that the power delivered to
BEVs should be constrained by the demand of BEVs. Similarly, the
constraint on the demand of HFCVs is given in Eq. (17). Egs. (18) and
(19) are formulated based on Egs. (11) and (12), which are used to es-
timate financial risks. The other constraints are summarized in Eq. (20)
and the detailed description of these constraints is presented above

1 &
T—a Z(l)s/l/s)} 13)

maxRygrs + f {4 — 1
=1

£ T
Ryprs = pr Z [(Pff—sbv + Pif—BﬁV> \EP, + VINK-HICY fp
=1 T

1=

_BEV. ( Pffv — pRE-BEV _ P{-;C,BEV) a14)

_HFev, (Vﬁ:—CV -~ VK?NK,HI-CV)}

0 <P PR < Y as)
0 < pRE-BEV | pFC-BEV . pBEV (16)
0 S VZV":ANK,HFCV S VﬁFCV (17)

T
X2 Co — Z [(Pff_BEV n Pff_BEV) EP, + VIANK-HFCY frp

=1

BEV _( pBEV E_BEV _ pFC_BEV (18)
—e '(Pt.: - Pf: - Pr.x )
_HFCV, (VZFCV _ VZ?NK_HFCV)} Vs

7, >0,Vs (19)
{1 -0} (20)

where EP, represents the electricity price at time t. e®£V represents the
penalty coefficient caused by the non-supplied demand of BEVs. eF¢V
represents the penalty coefficient caused by the non-supplied demand of
HFCVs. HP represents the price of hydrogen. PPEV represents the power
demand of BEVs at time t and scenario s. Rygrs represents the expected
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Fig. 2. Optimization process flowchart.

profits of HERS. Finally, V¥V represents the hydrogen demand of
HFCVs at time t and scenario s.

The flowchart of the entire optimization process is given in Fig. 2.
First, the operational problem model considering the CVaR is developed
into a MILP problem presented in Egs. (13)-(20). Furthermore, different
uncertainties are considered in this work and the input data, including
the PV power output and demand of BEVs and HFCVs, is processed. One
thousand scenarios are generated for each uncertain parameter using the
scenario generation technique. Afterward, the corresponding number of
representative scenarios is reduced to 50 scenarios using the scenario
reduction technique. Each of these 50 scenarios can represent the
abovementioned three uncertain parameters. Based on the models and
scenarios, the optimal operational results containing Pys-*VPE-BEV,

UELE, UFC, and VIANK-HFCV can be solved by the Gurobi solver using the

branch and bound method. It should be noted that the results obtained
are considered globally optimal solutions.

3. Case study

To validate the feasibility of the proposed HERS, a case study is
presented below. The operational strategy of the proposed HERS is also
investigated to illustrate its features. The operational problem of the
proposed HERS is formulated in (13)-(20) as a MILP model that is
programed in the Python environment and solved by the Gurobi solver.

Table 1

Photovoltaic (PV) power station specifications.
Factors PPVmux GREF kP TREF rlPV.COrLV
Value 1000 kw 1000 W/m? —3.7 x107%1/°C 25°C 95%
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Table 2

Hydrogen production system specifications.

Electrolyzer Hydrogen storage
tank
Factor Value Factor Value
PELEmin 0, 840 kW YTANKmin /TANK max 0, 7.42 m®
PELE,n’r.ax
ncom 95% R 0.008211 MPa (mol
Kt
AT 3600 TTANK 298 K
VELE 2V PTANK 20 MPa
F 96485 C - -
mol !
Fuel cell - -
Factor Value - -
PpFCmin_ pC.max 0, 150 kW _ -
rIFC,conv 95% — —
nFC 470/0 — —
180 T T -
__160
2
=140
»
|-|>J 120
m
k]
- 100
g
£ 80
o)
a
60 ¢
40
1 5 9 13 17 21 24
1000
—~ 800 1
<
=
2 600 1
=
o
€ 400 :
<}
Q.
g
200 1
0 ) |
1 5 9 13 17 21 24
Time (hour)
(©)
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3.1. Data

This work investigates the operational problem of the proposed
HERS; therefore, the detailed parameters of the PV power station and
hydrogen production system are given in Table 1 [35] and Table 2 [37],
respectively. Notably, the size of the electrolyzer is greater than that of
the fuel cell, as the electrolyzer needs to produce more hydrogen to meet
the demand of the HFCVs and fuel cell. To optimize the HERS opera-
tional problem, a deterministic prediction is considered and different
scenarios are generated to capture the uncertainties of the forecasted
parameters, including PV power outputs and the demand of BEVs and
HFCVs. The uncertainties of these three parameters are considered to be
represented by forecasting errors. In addition, all forecast errors are
assumed to follow a normal distribution. For each uncertain parameter,
one thousand scenarios are generated using the scenario generation
technique [47]. Afterward, the corresponding number of representative
scenarios is reduced to 50 scenarios with high probability of occurrence
via the scenario reduction technique [48]. In the end, all 50 scenarios
are used to represent these three uncertain parameters in the HERS
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Table 3
Value of the expected revenue and CVaR under different risk factors.
Risk factor 0 0.6 0.8 1.0 1.2 1.4 1.6
Expected 2670 2665 2659 2648 2642 2632 2626
revenue (DKK)
CVaR (DKK) 0 0 6.51 20.78 32.03 48.22 61.27

operational problem. Fig. 3. (a) and (b) show the demand of BEVs and
HFCVs in 50 scenarios, respectively. During the daytime, their demands
are high owing to the large traffic flow. Fig. 3. (c) presents the PV power
outputs during the day, which is the source of all the energy of BEVs and
HFCVs, and the size of the PV power station is set at 1000 kW. In this
work, it is assumed that the electricity price in a day is variable (but it
can be known one day ahead) and hydrogen price in a day is fixed. The
electricity price during the day is shown in Fig. 3. (d). The hydrogen
price in a day is assumed to be 0.5 DKK/kWh (9.28 x 10~* DKK/m®),
which is converted to be consistent with the unit price of electricity for
better comparison. The penalty coefficients caused by the BEVs’ and
HFCVs’ non-supplied demand are set at 0.5 DKK/kWh under the same
unit. The initial amount of hydrogen in the hydrogen storage tank is
assumed to be 50% of the tank size. First, the impact of different risk
factors on the CVaR and expected revenue is investigated. Afterward,
based on § = 0, detailed simulation results are presented. HERS, which
can store/supply hydrogen to HFCVs, may cause serious accidents owing
to safety problems including pipeline failure, reaction with pollutants,
low hydrogen purity, wrong operations, etc. [49]. In this work, it is
assumed that the station can operate under safe conditions as the
research mainly focuses on its benefits considering the uncertainty of PV
power output.

3.2. Results

The effects of various risk factors on the expected revenue and CVaR,
with a 95% confidentiality level, are presented in Fig. 4. (a) and (b),
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respectively. The risk aversion parameter values are determined by the
CVaR with a 95% confidence level (a = 0.95), which is approximately
equal to the expected revenue of the 5% scenarios with the lowest rev-
enue. As can be seen in the two figures, the measured risk decreases with
the increase in the CVaR. The decision-maker must tolerate the higher
risk when the risk factor is zero. If the decision-maker becomes more
risk-averse as the value of the risk factor # increases, the expected rev-
enue and risk could be lower. Under different risk factors, the opera-
tional strategies of the HRPCS are diverse. The expected revenue and
CVaR under different risk factors are summarized in Table 3. The below
simulation analysis is conducted when the risk factor is zero (f = 0),
which means that the decision-maker aims to maximize expected reve-
nue without considering any financial risk.

The power generated by the PV power station can be used to produce
hydrogen via an electrolyzer and be directly supplied to BEVs. The
amount of PV power consumed by the electrolyzer is shown in Fig. 5. (a),
which is used to produce hydrogen. Notably, the electrolyzer works to
produce hydrogen when there is adequate PV power output; otherwise,
it does not work. The hydrogen produced can then be supplied to the
HFCVs and fuel cells to generate electricity. The demand of BEVs is
satisfied by the PV power station and fuel cell. Power supplied to BEVs
from the PV power station and the fuel cell is shown in Fig. 5. (b). During
the daytime, the power generated by the PV power station can be
directly delivered to BEVs without any loss of energy conversion. In the
case of no PV power output during the night, the fuel cell operates to
generate power to meet the demand of BEVs by consuming the hydrogen
stored in the HST. At 1:00, the fuel cell does not work because of the
relatively lower electricity price, which can be seen in Fig. 3. (d). At
19:00, all the power generated by the PV power station is supplied to
BEVs. In addition, the fuel cell generates part of the electricity for the
BEVs by consuming the stored hydrogen because of the relatively higher
electricity price.

Fig. 5. (c¢) gives the volume of hydrogen supplied to HFCVs that is
related to the HFCVs’ demand. Hydrogen is produced when there is the
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adequate PV power output and then stored in the HST. During the day,
hydrogen stored in the HST is continuously supplied to the HFCVs. The
change in the level of hydrogen in the HST during the day is shown in
Fig. 5. (d), which depends on the consumption of the HFCVs and fuel
cells. From 0:00 to 7: 00 and from 15:00 to 24:00, the hydrogen level
curve shows a downward trend as the HST is consuming hydrogen
without producing it. When there is enough PV power output from 7:00
to 15:00, there is an increase in the hydrogen stored in the HST as the
amount of hydrogen produced is far greater than the amount of
hydrogen consumed. To meet the hydrogen demand of the next day, it is
considered that the hydrogen stored in the HST at the beginning of the
day should be equal to that at the end of the day. Therefore, as can be
seen in Fig. 5. (d), the hydrogen level at 0:00 is equal to that at 24:00.
Based on the above analysis, the importance of HST in satisfying the
demand of BEVs and HFCVs is shown.

The aim of this work is to maximize the expected revenue, which is
equal to the revenue obtained from selling hydrogen to HFCVs and
electricity to BEVs minus the penalty caused by the non-supplied de-
mand of HFCVs and BEVs. Moreover, Fig. 6. (a) shows the expected
revenue from BEVs and HFCVs. As shown, HFCVs can bring benefits
throughout the day. At 1:00, 2:00, 4:00, and 5:00, no profit can be made
from BEVs because of the relatively lower electricity price. The same
situation occurs at 3:00, although a small amount of revenue can be
obtained. Therefore, the question of how to achieve the highest possible
profit from the sale of hydrogen to HFCVs or the sale of electricity to
BEVs depends on the price of electricity, price of hydrogen, demand of
HFCVs and BEVs, and the efficiency of energy conversion. For an
autonomous system, it is difficult to guarantee maximum reliability, i.e.,
non-supplied demand of BEVs and HFCVs may occur. To reduce the
occurrence of such a situation, the penalty caused by the non-supplied
demand of BEVs and HFCVs is considered and the results during the
day are shown in Fig. 6. (b). Notably, only BEVs lead to a penalty, i.e.,

only the demand of BEVs may not be completely satisfied. Moreover, the
non-supplied demand of BEVs occurs at night. This is because the elec-
tricity price is relatively low at night and the energy conversion can
cause energy loss. Compared to the direct sale of hydrogen to HFCVs, it
is not cost-effective to generate electricity for BEVs using fuel cells.

In this paper, the hydrogen price is assumed to be 0.5 DKK/kWh
(9.28 x 10°* DKK/m3), which is consistent with the unit price of elec-
tricity for better comparison. Therefore, the impact of different
hydrogen prices on the penalty and expected revenue is analyzed using
the DKK/kWh unit, which is shown in Fig. 7. (a). As the hydrogen price
increases from 0.1 DKK/kWh to 0.7 DKK/kWh, the blue curve of ex-
pected revenue shows an upward trend. The penalty decreases from
371.6 DKK to 226.4 DKK when the hydrogen price increases from 0.1
DKK/kWh to 0.3 DKK/kWh. Afterward, the penalty no longer changes as
hydrogen price increases from 0.3 DKK/kWh to 0.7 DKK/kWh because
the situation of non-supplied demand of HFCVs cannot occur when
hydrogen price is greater than 0.3 DKK/kWh. Thus, hydrogen price
being one of the most important parameters, affects the penalty caused
by the non-supplied demand of HFCVs. In addition, other important
parameters are also investigated. Fig. 7. (b) shows the expected revenue
under different penalty coefficients caused by the non-supplied demand
of BEVs and HFCVs. Similarly, the unit of e#F®V is converted to be
consistent with the unit of £V for better comparison. The demand of
BEVs is more significant than the demand of HFCVs when €2V is 0.4
DKK/kWh higher than efV. Both parameters are very important to
determine the situations of non-supplied demand of BEVs and HFCVs;
besides, they affect the expected revenue. Fig. 7. (b) shows that the in-
crease of both values (¢?£V and eFCV) can lead to the reduction of the
expected revenue as the penalty of the system will also increase.

Additionally, this work aims to investigate the operational problem
of HERS. It is assumed that the size of the PV power station is 1000 kW
based on the demand of BEVs and HFCVs. Proper sizing of HERS is
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important as it can determine the economic benefits of the station.
Therefore, the impact of different electrolyzer and fuel cell sizes is
investigated. Fig. 8. (a) shows the expected revenue under different
electrolyzer sizes with a fixed fuel cell size (150 kW). The expected
revenue increases from 2660.8 DKK to 2670.2 DKK when the electro-
lyzer size increases from 800 kW to 840 kW; therefore, the expected
revenue is a constant. Fig. 8. (b) shows the expected revenue under
different fuel cell sizes with a fixed electrolyzer size (840 kW). Notably,
the expected revenue is unchanged when the fuel cell size reaches 150
kW. Therefore, the 840 kW electrolyzer and 150 kW fuel cell may be the
best choice under the given conditions.

4. Conclusion

This work proposes a novel concept of an autonomous hybrid
hydrogen/electricity refueling station. This station can simultaneously
supply power and hydrogen to BEVs and HFCVs, respectively. When
there is enough PV power output, the demand of BEVs can be directly
supplied and the electrolyzer works to produce hydrogen. In this way,
the stored hydrogen is used to refuel HFCVs. In addition, hydrogen can
also be converted into electricity by using fuel cells to charge BEVs. The
uncertainties and risks associated with PV power outputs as well as the
demand of BEVs and HFCVs are addressed via multiple representative
stochastic scenarios. Based on these scenarios, models of the operational
problem of the autonomous hybrid hydrogen/electricity refueling sta-
tion are developed. Subsequently, numerical results are provided to
validate the feasibility of the proposed HERS. The proposed HERS is
worthy for the promotion of BEVs and HFCVs in the future. If HFCVs do
not have the same market impact as BEVs, the sizes of the hydrogen
production devices (such as the electrolyzer and hydrogen storage tank)
may be smaller. Therefore, HERS can generate more electricity and less
hydrogen. Moreover, if BEVs or HFCVs are not economically viable
options in the future, hydrogen can be transported to other places to be
sold for industrial applications and injected into the natural gas pipeline
for profit.

In future works, the design problem of the proposed HERS will be
investigated. Finally, safety aspects will be introduced and the rela-
tionship between primary and secondary safety features together with
the benefits and feasibility of such a station will be analyzed.
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