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Abstract: It is anticipated that the penetration of “Green-Energy” vehicles, including Electric Vehicle
(EV), Fuel Cell Vehicle (FCV), and Natural Gas Vehicle (NGV) will keep increasing in next decades.
The demand of refueling stations will correspondingly increase for refueling these “Green-Energy”
vehicles. While such kinds of “Green-Energy” vehicles can provide both social and economic benefits,
effective management of refueling various kinds of these vehicles is necessary to maintain vehicle
users’ comfortabilities and refueling station’s return on investment. To tackle these problems, this
paper proposes a novel energy management approach for hybrid refueling stations with EV chargers,
Hydrogen pumps and gas pumps. Firstly, the detailed models of EV chargers, Hydrogen pumps with
electrolyte and hydrogen tank, the gas pumps with gas tank, renewable resources, and battery energy
storage systems are established. The forecasting methodologies for renewable energy, electricity price
and the traffic flow are also presented to support the hybrid refueling station modeling and operation.
Then, a management approach is adopted to manage the refueling various kinds of vehicles with
considerations of the refueling station profitability. Finally, the proposed management approach
is verified under four different kinds of tariffs- Economy-7, Economy-10, Flat-rate, and Real-Time
Pricing (RTP), finding that the proposed management approach has the best performance under RTP
tariff. The economic assessment of the Energy Storage System (ESS) is also performed. It is found that
the ESS can make the saving up to $127 per day. Different sizes of gas storage tank are compared in
the final section as well. The result shows that increasing the size of the tank does not bring attractive
extra benefits with the consideration of the investment on enlarging the tank size.

Keywords: hybrid refueling station; electricity tariffs; mixed integer linear programming; integrated
refueling station; optimal planning; renewable energy; battery storage

1. Introduction

The “Green-Energy” vehicle has attracted great interests in recent years. When compared to
conventional fossil-fuel power vehicles, ”Green-Energy” vehicles offer both social and economic
benefits, including high energy efficiency, low greenhouse gas emissions, and low fueling cost [1,2].
A number of countries and areas have already announced the plans of phasing out petrol and diesel
cars, such as Scotland and France. This means the petrol and diesel vehicles will be gradually replaced
by Electric Vehicles (EVs), Fuel Cell Vehicle (FCV), and Natural Gas Vehicle (NGV) in these countries
in the near future. However, due to the natural characteristics of “Green-Energy” vehicles, the energy
destiny of battery, natural gas, or hydrogen fuel cell is lower than petrol and diesel, and the refueling
frequency of EVs, NGVs, and FCVs is correspondingly higher than the petrol and diesel cars. At the
current stage, the number of “Green-Energy” refueling stations are falling behind the increasing of
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“Green-Energy” vehicles on the road, for example, only 39 hydrogen refueling stations are operating
in the whole United States (U.S.) by 2018 [3]. Drivers will be reluctant to purchase green energy
vehicles unless the hybrid refueling stations become adequately reliable and available. Thus, to satisfy
the refueling demands of “Green-Energy” vehicles, large number of hybrid refueling stations for
“Green-Energy” vehicles are expected to be constructed. Since the investment on the hybrid refueling
station construction and operation is purely investment behavior, considerable return on the investment
is one of the most important motivations for the investors. In order to facilitate the promotion of
hybrid refueling stations, the effective management and operation of hybrid refueling station is in
necessary. The optimal hybrid refueling station energy management system can schedule the operation
of refueling devices and the Distributed Energy Resources (DERs) within the station to satisfy the
refueling demands for EVs, NGVs, and FCVs and gain reasonable economic benefits for station
operators and investors, and thereby promote the development of green energy vehicle industry.

Previous studies carried out on the management on “New Energy” vehicles refueling stations
have confirmed the active impact on economical operation and network reinforcement deferral [4,5].
In order to reduce the operational cost of the integrated smart EV’s charging station with battery energy
storage, Yan et al. [6] proposed a four-stage optimization and control algorithm. Other authors [7]
introduced an online distributed model predictive control (MPC)-based optimal scheduling algorithm
for EV charging stations when considering the network constraints and EV uncertainties. In [8],
a business model of ultra-fast charging stations with energy storage system is proposed, it is found that
the profitability of charging station can be enhanced with Energy Storage System (ESS) and appropriate
management approach. Most of the research performed on the “Green-Energy” vehicles scheduling and
management mainly focused on EV charging station under electricity market environment. There are
few research performed on the scheduling of refueling station for NGV and FCVs with considerations
of different tariffs. However, when compared to EVs, the recharging range and recharging speed of
NGV and FCV is attractive. A number of governments, enterprises, and researchers believed that the
FCV and NGV would occupy a reasonable market share in automotive market in the future, especially
in the developing countries or gas-rich countries [9].

NGVs can usually be refueled in five minutes at most fast-fill compressed natural gas (CNG)
refueling stations, which means that the refueling time period of NGVs is comparable to the refueling
time period of petrol or diesel cars [10]. Gas compression is the core working process of fast-fill fueling
station. It contributes more than 80% electricity consumption of the whole CNG refueling stations [11].
The effectiveness of scheduling the gas compressors will influence the operational cost and working
efficiency of CNG refueling station significantly [12]. Plenty of research has been performed on the
optimization of CNG refueling station operation, such as [13,14].

FCV is considered as one of the potential replacement for traditional petrol/diesel vehicles [15].
A number of advantages of FCVs, such as long mileage, fast refueling period, and low carbon
emission have been defined by governments and researchers. However, there are still critical barriers
preventing the wide usage of FCVs, and one of the most critical barriers is the lack of hydrogen
infrastructure. Researchers have been working on the improvement of the working efficiency and
reduction of the operation costs of hydrogen refueling infrastructures. The literature [16] proposed an
Mixed Integer Linear Programming (MILP) model for the optimal design and operation of integrated
wind-hydrogen-electricity networks in the United Kingdome (UK). A study [17] presented a framework
of planning hydrogen refueling stations on highway considering refueling station within considerations
of time-of-use (TOU) electricity rates, and hydrogen refueling station service ability.

For the research on the hybrid refueling stations (or named as “Multi-Service Station”), some
studies have been carried out that focusing on the planning and location issues of refueling
stations [18–21]. To the best knowledge of authors, there are little research has been adopted on
the operation and economic assessment of refueling stations containing different kinds of charging
facilities for EV, FCV, and NGV. Nonetheless, the “new energy” vehicles on the road would be a mixture
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of EV, FCV, and NGVs in the foreseeable future. There are clear demands of hybrid refueling stations
that is able to provide multiple refueling services for the “Green-Energy” vehicles on the road.

In this paper, aiming to facilitate the promotion of the “new energy” vehicles, we introduce the
detailed model of refueling station, which is able to accommodate various kinds of “new energy”
vehicles. Our model takes multiple uncertainties, including the charging demand vitality, generations
of renewable energy, and the electricity price fluctuation into account. Aiming to mitigate the influence
of such uncertainties, several forecasting technologies are trialed in the paper to give better inputs to
the optimization problem. In addition, various DER technologies are also considered in the refueling
station, including solar photovoltaic (PV), wind turbine, and energy storage system. After then,
an energy management approach is proposed to solve the mixed integer linear programing problem.
Finally, to verify the performance of the proposed model and algorithm, four typical electricity tariffs
are utilized in the numerical analysis, and the pay-back period of battery energy storage system is
also presented.

The main contributions of this paper can be concluded, as below:

(1) Detailed models for the hybrid refueling station including CNG refueling facilities, Hydrogen
refueling facilities, EV charging facilities, and energy storage systems are presented in this paper.
Operational constraints of these facilities are also included, and the EV charging demands are
also considered.

(2) The approach of forecasting the EV charging demand by using historical traffic flow data is
investigated. When considering the significant difference of traffic flow in weekday and weekend,
the EV charging demands are forecasted based on weekday and weekend data, respectively.
Other data applied in the energy management system, such as solar generation, wind generation,
and electricity price are forecasted after careful comparison of the forecasting performance among
different forecasting methodologies.

(3) A comprehensive analysis for the performance of proposed energy management approach under
various electricity tariffs (Economy 7, Economy 10, Real-Time Pricing, and flat rate tariffs) is
presented in this paper. The economic assessment of ESS and the gas tank for the hybrid refueling
station is analyzed separately.

The remainder of this paper is organized, as follows: Section 2 presents the general problem
formulation. Section 3 introduces the forecasting methodologies for EV charging demands, renewable
generations, and electricity price. Section 4 discusses the performance of the proposed energy
management approach for the hybrid refueling station under four different electricity tariffs.

2. System Design and Optimization Model

This section firstly presents the system overview of a hybrid refueling station. Then, the detailed
models of the key devices of hybrid refueling station, including hydrogen refueling system, gas refueling
system, EV charging system, and energy storage system are presented, respectively. Finally, the objective
function is proposed and the optimization approach is introduced.

2.1. Hybrid Refueling Station Overview

In this paper, it is assumed that a future refueling station would consist of various kinds of
“Green-Energy” vehicles’ refueling facilities and distributed energy resources (DERs) as shown in
Figure 1, Such refueling station contains EV charging systems, hydrogen generation and refilling
system, gas compression and refilling system that can satisfy various refueling demands of BEVs, FCVs
and NGVs. We assume that this kind of refueling station will be usually located beside motorways
and has reasonable large land space. Thus, wind turbine, solar PV, and ESS are also included in the
refueling station that can help with the refueling station operation. The proposed hybrid refueling
station operates as a micro-grid, so that it can buy/sell electricity from/to the main grid, and has the
freedom to choose different electricity tariffs.
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Figure 1. Schematic Diagram of Hybrid Refueling Station (HRS). 
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2.2. Battery Energy Storage System

Battery energy storage system (BESS) is considered as one of the most important flexible resources
for electricity network [22]. It can provide different kinds of service, such as peak-reduction, frequency
response, energy storage, and electricity arbitrage. In this paper, the BESS is used as a flexible energy
resource to help refueling station operator reduce the station operational cost by mitigating the
exportation of the redundant renewable generation to external grid and compensate the energy usage
of refueling station during peak time. The model of BESS is described, as below [23].

SOCt = SOCt−1 + Pcha
t ·ηcha − Pdischa

t ·ηdischa (1)

0 ≤ SOC ≤ SOCt ≤ SOC ≤ 1 (2)

Equation (1) illustrates the state change of battery SOC during operation, where SOCt represents
the battery SOC at time t, Pcha

t represents the charging power of battery, ηcha represents the charging
efficiency of BESS, Pdischa

t represents the discharging power to the grid and system from battery.
Equation (2) ensures that SOC does not violate its limits, where SOC and SOC represent the minimum
and maximum limits for SOCt, respectively.

SOCt=N = SOCinit (3)

0 ≤ PG2B
t ≤ EPmax (4)

0 ≤ PB2G
t + PBTS

t ≤ EPmax (5)

0 ≤ PB2G
t , PB2S

t ≤ EPmax (6){
Pcha

t ·Pdischa
t = 0

Pcha
t + Pdischa

t 6= 0
(7)

One day (24 h) is regarded as a whole simulation cycle in this paper; constraint (3) ensures that the
energy within battery at the beginning of the simulation horizon is replenished by the end. SOCt=N is
the value of SOC by the end of the simulation cycle.

Constrains (4)–(6) ensure that energy transmission in battery is within its minimum and maximum
power limits EPmax. Constrains (7) is setting the principle that charging behavior and discharging
behavior are not allowed to occur at the same time.
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2.3. On-Site Hydrogen Production System

Hydrogen can be produced by Electrolysis, steam reforming, partial oxidation, and coal
gasification [24]. When compared to other production technologies, electrolysis (using electricity
to split water to hydrogen and oxygen) is the most straightforward way to produce hydrogen and it
does not require large land space. Most of the hydrogen refueling stations in the world use electrolysis
technology for hydrogen production. Figure 2 illustrates one typical hydrogen refueling station with
electrolytes, compressor, storage, and dispenser. In the production stage, electricity from the distribution
grid powers the water electrolytes to separate water molecules into hydrogen on the cathode and oxygen
on the anode. The compressor pressurizes the hydrogen to the high pressure buffer storage tank [25].
In the dispensing stage, the storage tank releases hydrogen on demand. The hydrogen is firstly cooled
into the liquid state and then pumped out of a hose and fueled into an FCV.

Energies 2018, 11, 1991 5 of 21 

 

2.3.On-Site Hydrogen Production System 

Hydrogen can be produced by Electrolysis, steam reforming, partial oxidation, and coal 

gasification [24]. When compared to other production technologies, electrolysis (using electricity to 

split water to hydrogen and oxygen) is the most straightforward way to produce hydrogen and it 

does not require large land space. Most of the hydrogen refueling stations in the world use 

electrolysis technology for hydrogen production. Figure 2 illustrates one typical hydrogen refueling 

station with electrolytes, compressor, storage, and dispenser. In the production stage, electricity from 

the distribution grid powers the water electrolytes to separate water molecules into hydrogen on the 

cathode and oxygen on the anode. The compressor pressurizes the hydrogen to the high pressure 

buffer storage tank [25]. In the dispensing stage, the storage tank releases hydrogen on demand. The 

hydrogen is firstly cooled into the liquid state and then pumped out of a hose and fueled into an FCV. 

 

Figure 2. Schematic Illustration of an Refueling Station with on-site Hydrogen Production [6]. 

The cooling and refueling processes consume an insignificant amount of energy and time [26]. 

Except for water, electricity is needed during this progress, which is controllable. 

Hydrogen production and refueling system model are described, as below: 

𝐻𝑆𝐶𝑡 = 𝐻𝑆𝐶𝑡−1+𝐻𝑃𝑡 −
𝜁𝐻 ∙ 𝐶𝑎𝑟𝑡

𝐻

𝜂𝐻𝐸
 (8) 

0 ≤ 𝐻𝑆𝐶𝑡 ≤ 𝐻𝑆𝐶𝑡 (9) 

0 ≤ 𝐻𝑃𝑡 ≤ 𝐻𝑃𝑡  (10) 

𝐻𝑆𝐶𝑡=𝑁 = 𝐻𝑆𝐶
𝑖𝑛𝑖𝑡  (11) 

𝐻2𝑂𝑡 = 𝛾
𝐻2𝑂 ∙ 𝐻𝑃𝑡  (12) 

cost𝐻2𝑂 =∑𝛾𝐻2𝑂 ∙ 𝐻𝑃𝑡 ∙ 𝜆𝑡
𝐻2𝑂

𝑡𝜖𝜃

 (13) 

Elect𝑡
𝐻2𝑂 = 𝛾𝐻2𝐸 ∙ 𝐻𝑃𝑡  (14) 

Equation (8) illustrates the state change of hydrogen storage tank during operation. 𝐻𝑆𝐶𝑡 

represents the hydrogen capacity that is stored at time t, 𝐻𝑃𝑡  represents the power of hydrogen 

compressor at time t, 𝜁𝐻  represents the hydrogen demand for each FCV, 𝐶𝑎𝑟𝑡
𝐻  represents the 

number of FCVs arrived refueling station at time t, and 𝜂𝐻𝐸 represents transferring efficiency during 

the progress from gas storage tank to the gas filling station. Equations (9) and (10) represents the 

constraints of hydrogen storage tank and hydrogen compressor. Equation (11) ensures that the initial 

and the final storage states are equal, where 𝐻𝑆𝐶𝑡=𝑁  represents the value for hydrogen capacity 

thatis stored by the end of simulation cycle. Equation (12) impose the water demand 𝐻2𝑂𝑡  of 
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The cooling and refueling processes consume an insignificant amount of energy and time [26].
Except for water, electricity is needed during this progress, which is controllable.

Hydrogen production and refueling system model are described, as below:

HSCt = HSCt−1 + HPt −
ζH ·CarH

t
ηHE

(8)

0 ≤ HSCt ≤ HSCt (9)

0 ≤ HPt ≤ HPt (10)

HSCt=N = HSCinit (11)

H2Ot = γH2O·HPt (12)

costH2O = ∑
tεθ

γH2O·HPt·λH2O
t (13)

ElectH2O
t = γH2E·HPt (14)

Equation (8) illustrates the state change of hydrogen storage tank during operation. HSCt

represents the hydrogen capacity that is stored at time t, HPt represents the power of hydrogen
compressor at time t, ζH represents the hydrogen demand for each FCV, CarH

t represents the number of
FCVs arrived refueling station at time t, and ηHE represents transferring efficiency during the progress
from gas storage tank to the gas filling station. Equations (9) and (10) represents the constraints of
hydrogen storage tank and hydrogen compressor. Equation (11) ensures that the initial and the final
storage states are equal, where HSCt=N represents the value for hydrogen capacity thatis stored by the
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end of simulation cycle. Equation (12) impose the water demand H2Ot of hydrogen system at time t.
γH2O represents the exchange rate of water for hydrogen production. Hydrogen production is the only
part of consuming water in refueling system, thus water fee is described as Equation (13), where γH2O

represents the electrolysis efficiency, λH2O
t represent water price. Equation (14) depicts the electricity

consumption of hydrogen compression system. γH2E represents the compression efficiency.
It should be noted that the temporal coupling of hydrogen production rates is not taken into

account in this paper. This is because the ramping-up and ramping-down of water electrolytes are
typically in a time scale that is much smaller than one hour [27].

2.4. CNG Refueling System

Figure 3 presents a schematic diagram of CNG fast-fill station with CNG compressor, storage
tanks, and dispenser. The nature gas is usually transmitted by gas pipelines, then all of the gas would
be compressed to certain pressure within the CNG station. One part of the compressed gas will be
directly conveyed to dispensers to refuel the NGVs. The other part of the compressed gas will be
stored in cascade storage tanks, and stored gas will be transferred to dispensers to refuel the NGVs on
demand. Investigation on the CNG refueling station has shown that more than 80% of electricity usage
in a CNG station is consumed by the gas compressor and dispenser [11]. Thus, it has great potential to
save the energy cost by managing the CNG system operation within the refueling station. The detailed
models of CNG refueling system are given, as below. Equations (15)–(17), (22), and (23) illustrates
the CNG refueling model and Equations (18)–(21) presents the operational constraints of the CNG
refueling system.
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𝑠,𝑜𝑢𝑡
 (15) 

𝐺𝐶𝑡 =
𝐺𝑆𝐶𝑡

𝑖𝑛 + 𝐺𝑆𝐶𝑡
𝑐,𝑜𝑢𝑡

𝜂𝐶𝐸
 (16) 

𝑔𝑎𝑠𝑡
𝑑𝑒𝑚𝑎𝑛𝑑 = 𝜁𝐺∙𝐶𝑎𝑟𝑡

𝐺 =
𝐺𝑆𝐶𝑡

𝑠,𝑜𝑢𝑡 + 𝐺𝑆𝐶𝑡
𝑐,𝑜𝑢𝑡
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Figure 3. Schematic Layout for the fast-fill CNG Station.

GSCt = GSCt−1 + GSCin
t − GSCs,out

t (15)

GCt =
GSCin

t + GSCc,out
t

ηCE
(16)

gasdemand
t = ζG·CarG

t =
GSCs,out

t + GSCc,out
t

ηGL
(17)

0 ≤ GSCt ≤ GSCt (18)

0 ≤ GSCin
t ≤ GSCin

t (19)

0 ≤ GSCs,out
t + GSCc,out

t ≤ GSCout
t (20)

0 ≤ GCt ≤ GCt (21)

GSCt=N = GSCinit (22)

ElectGAS
t = γH2G·GCt (23)
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Equation (15) defines the gas amount within the storage tank. GSCt represents the gas stored
in the tank at time t. GSCin

t represents the gas being transmitted into the gas tank at time t. GSCs,out
t

represents the gas that is delivered to the dispenser from storage tank at time t. Equation (16) imposes
that the gas coming through compressor (GCt) is split into two group (GSCin

t and GSCs,out
t ), and ηCE

represents the compressor efficiency of gas. Equation (17) illustrates that gas demand is decided
by NGVs (CarG

t ) and it should be satisfied by compressor and storage tank, ζG represents refueling
demand for each NGV, ηGL represents transferring efficiency during the way from both storage
tank and compressor to dispenser. Constraints (18)–(21) ensure GSCt, GSCin

t , GSCs,out
t , and GCt are

bounded from below by zero and from above by their capacities, respectively. Constraint (22) ensures
that the initial and the final storage states are equal, where GSCt=N . represents the gas stored in the
tank by the end of the simulation cycle. Equation (23) depicts the gas consumption of CNG refueling
system, where γH2G represents the electricity loss when compressor is working.

2.5. EVs Charging System

In this paper, the operation of EV charging facilities are modeled based on the method that is
introduced in [28]. When an EV arrives at the charging station, the EV will be charged immediately if
there are charging equipment available there. Once EV is fully charged, the EV will dispatch without
any further stay. If all of the charging facilities are occupied, the EV will queue at EV charging station,
which means that the charging demand at time t will be partly transferred to time t + 1. Every EV is
assumed to have the same value of charging demand and the same dwell time.

According to the operation model, the simplified mathematical model for EV charging demand is
given, as below:

Conventional parking: If

carE
t ·∆t ≤ v, ElectE

t =
ζE·carE

t
ηEE

(24)

Valet parking: Esle

carE
t ·∆t > v, ElectE

t =
ζE·v

ηEE·∆t
while carE

t+1+ = carE
t −

v

∆t
(25)

Equations (24) and (25) determine the usage of electricity at time t (ElectE
t ) by the comparison of

charging demand and the amount of vacant equipment at the current moment. ∆t represents the dwell
time or charging time. v indicates the capability of EVES, and v

∆t is the maximum amount of vacant
EV charging equipment. ζE imposes how many electricity an EV need. ηEE is the charging efficiency.
If the charging demand can no be satisfied at time t, then the used electricity volume is determined by
the capacity of EVSE, and the remain cars are going to be charged at next interval t + 1. Notice that v

∆t
maybe not an integer, but when the number of charging devices is very large, this error can be omitted.

2.6. Problem Formulation

Owners or operators of hybrid refueling station always seek to maximize their profits by reducing
the operational cost and making the maximum usage of refueling facilities. The operation cost of the
hybrid refueling station relates to the energy price and energy consumption of hybrid refueling station.
Since there are plenty DERs, including solar PV, wind turbines, and ESS in the proposed hybrid station.
The hybrid station is not a pure consumer, but a prosumer that is able to sell electricity back to grid
when spare energy is generated by DERs. Thus, the objective function can be formulated, as below.

min

{
∑
t∈θ

[λ
p
t

(
Pbuy

t − Psell
t

)
+ costH2O + costGAS]

}
(26)
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Equation (26) illustrates that the object function is to acquire the minimum operation cost,
the operation consisted by electricity fee (positive if buying, negative if selling), water fee, and gas fee,
where λ

p
t represents the buying and selling of energy price at time t, P decides what type of tariff it is.

In addition, buying and selling behavior are not allowed to appear at the same time t, which means that
λ

p
t has only one certain value when p and t are fixed. This constrain can be described, as follows:{

Pbuy
t ·Psell

t = 0
Pbuy

t + Psell
t 6= 0

(27)

Take the models of EV charging system, hydrogen system, and CNG system into objective
function (26), we can get the following objective function: min

∑
t∈θ


cost o f electricity︷ ︸︸ ︷

∑
tεθ

(
PG2B

t + γH2E·HPt + γH2G·GCt + ElectE
t

)
·λbuy

t −
(

windt + PVt + PB2G
t + PB2S

t

)
·λsell

t

+

cost o f water︷ ︸︸ ︷
∑
tεθ

(γH2E·HPt·λH2O
t ) +

cost o f gas︷ ︸︸ ︷
∑
t∈θ

(
GCt·λGAS

t

)
(28)

where windt and PVt represent electricity generated by wind and PV. Definitions of other variables
can be found in previous models.

According to the objective function and the constraints that are indicated in Equations (1)–(25)
the working state of ESS are integer values, and the rest are continuous variables. Thus, this model is a
mixed-integer linear programming (MILP) problem, which can be solved by commercial solvers, such
as GUROBI and CPLEX. In this paper, the model is coded with python and solved by GUROBI with its
python interface.

3. Forecasting Methodologies for Hybrid Refueling Station

Efficient management of hybrid refueling station operation requires the accurate forecasting
for EV charging demand, renewable energy, and the energy price. Forecasting of EV charging
demand, renewable energy, and energy price have been studied in the past decade [29–32]. In this
section, a comparison of different forecasting methodologies based on Support Vector Machine (SVM),
K-Nearest Neighbors (KNN), and Artificial Neural Network (ANN) have been investigated, and the
most suitable approach for forecasting the EV demand, energy price, and renewable energy is chosen
regarding to the performance of three forecasting methodologies.

3.1. Renewable Energy Forecasting

In the proposed hybrid refueling station, both wind and solar PV are included. The mainstream
forecasting methodologies of renewable energy, SVM, KNN, and ANN, are evaluated in this section.
The data of wind and solar PV are collected from Newquay Harbor weather station [33].

Root Mean Square Error (RMSE) and error rate are adopted to evaluate the forecasting precision.
Error rate ω represents the percentage of inaccurate points, this method uses Mean Absolute Percentage
Error (MAPE) as a way to determine whether the predicted value is accurate, for every single points,
if MAPE is greater than 0.3, then the prediction of this point is considered as an inaccurate result.
The definition of RMSE, MAPE, and ω are given below.

RMSE =

√√√√ 1
N

N

∑
i=1

(predicti − reali)
2 (29)
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MAPE =
|(predicti − reali|

reali
(30)

ω =
Err_Num

N
(31)

where predicti represent predictive value, reali represents real value, Err_Num represents the total
number of errors, and N represents the total number of predictive points.

The performance of three forecasting methodologies for wind speed and solar insolation
forecasting are presented in Table 1.

Table 1. Evaluation of Support Vector Machine (SVM), Artificial Neural Network (ANN), and K-Nearest
Neighbors (KNN).

Forecasting Types
Wind Speed Insolation

Error Rate RMSE Error Rate RMSE

SVM 0.29 1.02 0.45 0.64
ANN 0.75 1.34 0.63 0.26
KNN 0.08 0.49 0.42 0.71

In term of wind speed, the error rate and the RMSE of KNN is both the least among three methods,
and thereby the accuracy of the prediction results of wind speed based on KNN is the highest. KNN is
used for predicting the wind speed in this paper (comparison between the predicted data and real
data of wind speed is given in Figure 4a. The three methods perform similarly for predicting the
solar insolation, the error rate and RMSE of SVM is the smallest when compared with the other two
methods, and thereby the SVM is selected to predict solar insolation in this paper (comparison between
predicted data and real data is given in Figure 4b. The predicted wind speed and insolation are then
converted into wind turbine power and PV output power using following equations:

Pwind
t =

1
2

ρAν(t)3CpE f fad (32)

where ρ is the air density(kg/m3), A is the swept area of the rotor (m2), v is the wind speed (m/s),
Cp is the efficiency of the wind turbine, and E f fad is the efficiency of the AC/DC converter (assumed
to be 95% in this study).

PPV
t = Ins(t)AE f fpv (33)

where Ins(t) is the insolation data at time t (kW/m2), A is the area of a single PV panel (m2), and Effpv
is the overall efficiency of the PV panels and the DC/DC converter. Equation (30) assumes that the PV
array has a tracking system and a maximum power point tracker. It also assumes that the temperature
effects (on PV cells) are ignored.

The power output from the wind turbine and a single PV panel are shown in Figure 4c.
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3.2. Traffic Flow Forecasting

The vehicle refueling demand is related to the traffic flow through the hybrid refueling station [29].
With traffic flow data and expected vehicle refueling probability, the station refueling demand can be
obtained. The traffic flow data used in this paper is obtained from Ireland National Road Authority.
The data includes the traffic flow data of M1 between Castleblaney Road Southern Link interchanges
in Ireland over a period of five months [34]. When considering the significant difference of traffic flow
during weekday and weekend, the traffic flow is forecasted by SVN, ANN, and KNN with weekday
and weekend data, respectively, the evaluation of the three forecasting methods is presented in Table 2.

Table 2. Traffic Flow Forecasting Evaluation.

Forecasting Types
Weekday Weekend

Error Rate RMSE Error Rate RMSE

SVM 0.29 1.02 0.45 0.64
ANN 0.75 1.34 0.63 0.26
KNN 0.28 0.88 0.42 0.71

Table 2 illustrates that KNN has the best performance for predicting weekday traffic data,
while SVM has small error rate and RMSE when predicting weekend traffic data, therefore, KNN and
SVM are selected as forecasting methods for traffic flow during weekday and weekend, respectively.
The predicted traffic flow data is presented in Figure 5.
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To simplify the refueling demand model, we use different probability factors to calculate the
refueling demand for the “Green-Energy” vehicles passing by the refueling station for different types
of vehicles. To simplified the calculation, we assume that the each vehicle with same “Green-Energy”
technology have the same refueling demand.

3.3. Electricity Price Forecasting

Optimal operation strategy for refueling station is highly related to electricity tariffs, aiming to
reduce the overall cost, accurate prediction of electricity price is necessary. Four types of tariffs are
investigated in this paper, which are Real-Time Pricing (RTP), Economy 7, Economy 10, and flat-rate.
Economy 7 tariff offers a seven-hour (assumed to be 0:00–7:00) off-peak electricity price while Economy
10 tariff offers ten hours (assumed to be 20:00–8:00) of off-peak electricity over 24 h period. The flat-rate
tariff means the electricity price is constant. The RTP pricing mechanism is the only tariff that needs to
be forecasted. The data that is used for forecasting RTP price is obtained from European Electricity
Index over a period of one month [35]. Performance of three forecasting methods is given in Table 3.
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Table 3. Real-Time Pricing (RTP) Tariff Evaluation.

Forecasting Types
RTP

Error Rate RMSE

SVM 0.58 1.47
ANN 0.54 2.94
KNN 0.41 0.86

The results indicates that KNN has best performance for forecasting RTP tariff with least error
rate and RMSE, the predicted RTP, and economy 7 economy 10 tariffs are given in Figure 6.Energies 2018, 11, 1991 12 of 21 
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4. Numerical Analysis

4.1. Parameters Setting

The proposed energy management approach has been evaluated for a hybrid refueling station
comprising wind turbines with installed capacity equal to 500 kwh, solar PV with installed
capacity equal to 500 kwh, and ESS with installed capacity equal to 500 kwh and maximum
charging/discharging power equal to 50 kw. Parameters of hydrogen refueling system, CNG refueling
system, and EV charging system are presented in Table 4. The pricing information of economy 7 tariff,
economy 10 tariff, RTP tariff, and constant tariffs is given in Figure 6.

Table 4. Model Parameters.

Constant Value Remark

ηcha 0.9 Charging efficiency
ηdischa 0.9 Discharging efficiency

ζH 1.2 hydrogen demand for each FCV
ηHE 0.8 hydrogen loss during the progress from gas storage tank to the gas filling station
γH2O 0.5 the exchange rate of water for hydrogen production
γH2E 0.2 compression efficiency
ηCE 0.8 gas loss during the progress of compression
ηGL 0.8 gas loss during the transferring progress
ζG 1.2 refueling demand for each NGV

γH2G 0.2 electricity loss when compressor is working
∝H 0.06 The possibility of the FCVs stopping to refuel
∝G 0.06 The possibility of the NGVs stopping to refuel
∝E 0.06 The possibility of the EVs stopping to refuel
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In the numerical analysis section, we allow for the refueling station sell electricity back to grid
when there is spare energy generated by renewable resources. The feed-in tariff follows the current
tariff in UK [36]. The electricity feed-in price is 24 $/MWh (using the average value of tariffs for wind
and PV).

4.2. Hybrid Refueling Station Benchmark Operation Approach

A benchmark energy management approach for hybrid refueling station is established for
comparison purpose with the proposed energy management approach. For the benchmark approach,
two time periods, the valley period (T1) and peak period (T2), are defined, respectively. The key
components within the hybrid refueling station will operate with regarding to the two time periods.
For ESS, battery will be charged at even power during T1 and discharged with even power during
T2, after one simulation cycle is finished, the total charging amount and discharging amount are both
SOC·500 (the battery capacity is assumed to be 500 kwh). Charging power and discharging power
for every time t are assumed to be less than maximum power limits EPmax. For the hydrogen system,
hydrogen is produced during T1 and the electrolytes will normally at out of work state during T2.
A threshold is defined to ensure the service quality during the peak period, if the storage in tank less
than the proposed threshold, electrolytes will automatically produce h2 until the h2 storage volume is
equal to the threshold. In real-world environment, most of conventional CNG refueling systems have
no connection between compressor and dispensers, which means that the gas cannot be conveyed
to dispensers from compressor directly. Thus, the operation of CNG refueling system is similar to
hydrogen system. Detailed operation approach for each part is described in Table 5 (βH and βG are
assumed to be 50% in this paper).

Table 5. Hybrid Refueling Station Benchmark Operation Strategy.

Module Valley Period Peak Period Threshold

ESS Charging SOC·500
T1

for each
interval

Discharging SOC·500
T2

for
each interval

none

Hydrogen system
Hydrogen production at each

interval is HSC
T1

Generally not working βH ·HSC

Gas refueling system
Gas delivered to the tank at

each interval is GSC
T1

Generally not working βG·GSC

The operational cost of proposed benchmark scenario relates to the electricity price in different
time periods and the energy consumption of the refueling facilities within the hybrid refueling station.
The total cost of benchmark scenario is given, as below.

costBM = ∑
t∈θ

(
(

OPbattery
t

ηcha or ηdischa +
OPH2

t ·γH2E

ηHE
+

OPgas
t ·γH2G

ηGE
− PPV

t − Pwind
t )·λp

t + OPgas
t ·λ

GAS
t + OPH2

t ·γ
H2O·λH2O

t

)
(34)

where OPbattery
t , OPH2

t , and OPgas
t are a one-dimensional array that contains the operation strategy for

battery, hydrogen, and gas, respectively.
It should be noted that Equation (34) can also be used to calculate the operating costs under

different tariffs.

4.3. Performance Evaluation for the System under Different Tariffs

The operation performance of HRS under different tariffs based on weekday traffic data are
investigated in this section. The four tariffs are Economy 7, Economy 10, RTP, and flat-rate tariff,
respectively. The pricing information of the four tariffs are presented in Figure 6.
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Table 6 illustrates operation costs before and after optimization. By horizontal comparison,
it is found that no matter which kind of tariffs, the saving percentage all between 10% and 20%.
By longitudinal comparison, it is found that the proposed management approach has the best
performance under RTP tariff, with saving percentage of around 18% of the original cost. The proposed
management approach under flat-rating pricing mechanism has the lowest saving percentage because
the BESS cannot make any profits on electricity arbitrage trading.

Table 6. Comparison of Optimization Performance under Different Tariffs.

Tariff Original Cost ($) Optimized Cost ($) Optimization Percentage

Economy 7 3158 2755 87.3
Economy 10 3073 2619 85.2

RTP 3151 2588 82.1
Flat-rate 3053 2660 87.1

Figure 7 illustrates the operation of ESS, hydrogen refueling system, and gas refueling system
under four different tariffs. For ESS, it can be found that the charging behavior is concentrated in the
valley period for all tariffs. There are two distinct peaks in SOC in the conditions using RTP and flat-rate,
which are caused by different reasons. In RTP, the second SOC peak is caused by the second RTP valley
period, the trend of SOC is basically opposite to that of predicted RTP data. In flat-rate, the second
SOC peak is related to both refueling demand and renewable energy. The figures show that ESS tend to
charge/discharge with a certain value stayed for a certain period in RTP. For the gas refueling system,
the electrolytes tend to produce hydrogen during the 0:00–5:00 a.m., which is the valley period in four
tariffs. The electrolytes together with storage tank act similar to the operation of ESS in RTP, which can
be directly observed from Figure 6. For the hydrogen system, the electrolytes tend to produce hydrogen
with maximum production capability during the 0:00–8:00 a.m. The hydrogen production system
tend to produce hydrogen with relatively small production amount during the second electricity
valley period no matter in what tariffs. This phenomenon is caused by the high hydrogen storage
capability and low refueling demand for FCVs. Overall, working condition of battery, compressors,
and electrolytes are more continuous in RTP than in other tariff, which means less number of start and
stop activities are performed by the devices, and correspondingly increase the equipment life-time and
reduce the loss of gas and hydrogen.
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4.4. Hybrid Refueling Station with/without ESS

Along with the increasing attention on the energy storage system (ESS), it is valuable to explore
whether the ESS will assist the operation of hybrid refueling station, and if so, how much savings will
be achieved by the ESS and how long the investment of ESS will be recovered.

In this section, the operation performance of HRS with/without ESS are compared under different
tariffs. We assume that the HRS with ESS contains an ESS with installed capacity equal to 500 kwh
and maximum charge/discharge power equal to 50 kw. The HRS without ESS has the same facilities
with the HRS with ESS, except the ESS. The comparison is based on Economy 7 and weekend traffic
flow data.

The comparison is under the scene where the electricity tariff is Economy 7, traffic flow is predicted
from weekend data. When compared to benchmark operation, the total cost of system without ESS
can only be reduced to $2270 which is 92.6% of original cost. After adding a battery with a capacity
of 500 kwh, the cost can be significantly reduced to $2143 (reducing $127 per day), which is 87.1% of
original cost.

Figure 8 shows the operation of battery, gas compressor, gas tank, and hydrogen production
under two conditions (with/without ESS). The changes of their operation are complex, but one thing
for sure is that without battery, gas compressors and hydrogen electrolytes tend to act more actively
in valley period and the acting behaviors are usually concentrated, unlike in the case of system with
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ESS where they are intermittent. The existence of ESS results in the increase of equipment operation
frequency and the decrease of equipment lifespan.
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Results have proved that ESS can reduce the operation cost to a certain extent (saving about
$127 per day). However, whether the ESS is profitable should also be determined by the purchase
cost and maintain cost. When considering the nature characters of different kinds of battery, lithium
battery is used to evaluate the ESS economic benefits in this paper. The purchase cost of a 500 kwh
lithium battery is around $104,500, the battery lifespan is around 5.5 years(one day is assumed to be
one charge-discharge cycle), the maintain cost is about $0.28 per day [37]. Based on this condition,
the ESS payback period is 2.3 years, the total profit of ESS is $254,000 more than the system without
ESS, and the gross profit (subtracting the purchase cost and maintain cost) is $148,945.

4.5. Hybrid Refueling Station with High/Low Capacity of Storage Tank

When the natural gas storage capacity of the system is low, the compressor operating frequency
will increase, but in a limiting case where no storage tank is contained in the system, the gas pump can
only compress and provide gas to NGV on demand. If the system has high gas storage capacity, a large
amount of gas can be stored at a lower price, and the cost of buying the gas can be correspondingly
reduced. Thus, it is valuable to explore the influence of gas storage capacity on the station operation
cost. This paper have brought different gas and hydrogen storage capacity (the storage capacity of gas
and hydrogen are assumed to be the same) into the optimal algorithm, the optimized cost is presented
in Table 7. The maximum gas transmission power for each half hour of natural gas and hydrogen is
assumed as 300 m3/h.

From the results shown in Table 7, it is found that the increase of gas storage capacity does reduce
the operating costs effectively. Due to the up-limits of gas transmission power, there is a limit to the cost
reduction. The gas storage system requires high purchase and maintenance costs and large land space
for the gas tank. Therefore, when selecting gas storage capacity at design stage, it is not economical
to use large gas tank. To access the detailed operation of the gas system, a comparison of operation
strategy of the refueling station with 1500 m3 and 8000 m3 gas storage capacity is given in Figure 9.

It can be clearly seen from Figure 9 that when the gas storage capacity is increased, the device
state-change frequency is correspondingly reduced while the storing behavior is concentrated around
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the two periods when the RTP price is the lowest and tend to be the maximum value. Battery operation
seems to be similar in two conditions.

Table 7. Relationship between Gas Storage Capacity and Operating Expenses.

Gas Storage Capacity (m3) Optimized Cost ($)

1500 3022
3000 2923
5000 2855
8000 2850
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5. Conclusions

In this paper, a detailed model for hybrid refueling station (HRS) that can serve EV, FCV, and NGV
is presented, and the energy management approach for HRS operation is also proposed. The algorithm
aims at maximally increasing the operation profits with considerations of forecasting of renewable
energy, electricity price, and traffic flow. To evaluate the proposed energy approach, comprehensive
analysis of the HRS operation under different electricity tariffs are presented as well. The influence
of ESS and gas tanks to the HRS are also investigated. The main conclusions and results are given,
as below.

(1) A hybrid refueling station model is proposed. Detailed models including CNG refueling facilities,
Hydrogen refueling facilities, EV charging facilities, and ESS are formulated, and the operation
constraints of these facilities are also presented.

(2) The HRS energy management approach presented in this paper achieved reasonable performance
under different electricity tariffs. The proposed energy management approach reduced the
HRS operation cost by more than 10%. Among the four kinds of tariffs, the proposed energy
management approach has the best performance under RTP tariff. The daily operation cost is the
least and the operation frequency (start/stop) of equipment is the least under RTP tariff, which is
beneficial to the daily maintenance of the system.

(3) The economic assessment of energy storage system within the HRS is investigated. With the
proposed energy management approach, the daily operating cost ($2143) for an ESS with a
500 kwh battery is $127 less than the daily operating cost of a system without an energy storage
system ($2270), the payback period for ESS with lithium battery is 2.3 years, and the gross profit
is $148,945.

(4) The influence of the gas tank capacity on HRS operation is analyzed. It is found that the increase
of gas storage capacity can reduce the operating cost. However, according to the upper limit of gas
refueling demand, the cost reduction by increasing the gas tank capacity is limited. The operation
cost is only reduced by 5.7% when the tank size is increased from 1500 m3 to 8000 m3.

Due to the limited information of the cost of landspace, hydrogen refueling system, and gas
refueling system, the economic assessment of the whole hybrid refueling station was not performed in
this paper. Future research will complete the full economic assessment, including break-even analysis
and risk analysis in investment of the hybrid refueling station once the aforementioned data are ready.
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