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A B S T R A C T   

Hydrogen is considered promising for the replacement of fossil fuels in integrated energy systems through 
hydrogen energy storage (HES). This paper considers multiple electricity-hydrogen integrated charging stations 
(EHI-CSs) as a unit consisting of photovoltaic systems and HES systems for charging plug-in electric vehicles and 
refilling hydrogen fuel vehicles. In the multiple EHI-CSs unit, a set of interconnected EHI-CSs can be supplied by 
other EHI-CSs or power utilities and an EHI-CSs aggregator can manage the individual EHI-CSs through 
controllable facilities (i.e., HES system) and adjustment methods (i.e., energy transportation between sub-
systems). Meanwhile, a two-stage energy management system (EMS) strategy is proposed to coordinate the day- 
ahead scheduling and real-time dispatch. In the day-ahead scheduling stage, the aggregator minimizes the cost of 
the overall multiple EHI-CSs unit through optimization, and in the real-time dispatching stage, the intraday 
energy dispatch based model predictive control (MPC) is carried out to minimize the penalty cost. The proposed 
two-stage EMS strategy is evaluated through simulations and the numerical results confirm that the proposed 
solution outperforms the baseline solution with additional economic benefit.   

1. Introduction 

Due to the exhaustion of fossil fuels and the pursuit of low-carbon 
energy provision across the world, the deployment of eco-friendly ve-
hicles and renewable energy sources receives increasing attention [1]. 
Hydrogen fuel vehicles (HFVs) and plug-in electric vehicles are 
considered promising for their features of fast refueling rate, high 
mileage range and zero pollution to cope with the environmental con-
cerns of internal combustion engine vehicles [2]. The widespread 
deployment of charging stations for HFVs, i.e. hydrogen fueling stations 
(HFSs), over the transportation infrastructure is fundamental to the 
hydrogen economy [3]. Meanwhile, photovoltaic (PV) power generation 
becomes one of the major renewable power sources in the modern power 
industry [4]. However, the intermittency of PV generation needs to be 
accommodated and managed through energy storage systems, e.g., 
Hydrogen Energy Storage (HES) systems, to ensure system stability [5]. 
HES system can produce hydrogen through power-to-hydrogen (P2H) 
based on water electrolyzers, store hydrogen in storage tanks and pro-
duce electricity using hydrogen-to-power (H2P) technology in fuel cells 
[6]. In recent years, due to the high energy density and long lifetime of 
hydrogen-based storage technologies, the exploitation of HES systems 

has attracted more and more attention [7]. For this regard, this work 
considers each electricity-hydrogen integrated charging station 
(EHI-CS) consisting of PV systems and HES systems for charging plug-in 
electric vehicles (PEVs) and refilling hydrogen fuel vehicles (HFVs). 

The HFSs are expected for hydrogen production to meet the demand 
of HFVs [8], and recent studies have focused on the planning of HFSs. In 
Ref. [9], the authors designed an off-grid charging station consisting of a 
PV system, HES system and diesel system for electric and hydrogen 
vehicles. The optimal rated power for a PV system and diesel generator 
was determined to minimize the investment and operational costs. The 
location (i.e. sitting) problem of hydrogen fueling stations (HFSs) was 
studied in Refs. [10–12]. In Ref. [10], the multi-objective and 
multi-period HFSs location problem considered the combination of cost, 
risk and population coverage for the long-term planning. In Ref. [11], 
the authors presented a two-step pricing-based location strategy for new 
HFSs considering the depreciation cost, fixed cost and hydrogen selling 
price of the existing stations to maximize the profit of a new HFS. 
However, HFS in Refs. [10,11] only considered the onsite hydrogen 
production and storage with P2H technology without the consideration 
of the H2P process. In Ref. [12], the authors integrated H2P into the 
HFSs and placed the charging stations in the selected bus terminals for 
refilling hydrogen and electricity considering the subsidies and 
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governmental promotions for daily profit improvement of EHI-CSs. 
Here, the uncertainties due to weather, market price and EVs are 
considered, but the dynamics of hydrogen vehicles were not considered. 

Some studies considered that HFSs are owned by different indepen-
dent utilities and can participate in the electricity market. A model for 
the central scheduling of HFSs in the power distribution network was 
proposed in Ref. [13], and dynamic hydrogen pricing mechanisms were 
incorporated into the model to achieve the expected profit through 
adjusting hydrogen sale prices. In Ref. [14], a cooperative operation 
model for the WT and HFSs considering individual benefit was proposed 
based on the Nash bargaining theory, and the day-ahead cooperative 
operation was exploited to reduce the hydrogen production cost in HFSs. 
Likewise, the EHI system in Refs. [13,14] have not considered the pro-
cess of H2P. In Ref. [15], HFSs were considered to provide operating 
reserve (OR) to an electricity market and it is confirmed that the HFS 
profit was improved when the stations participate in the OR market. In 
Ref. [16], an optimal day-ahead scheduling strategy for a microgrid with 
charging stations for PEVs and HFVs was proposed to meet the demand 
of hydrogen, heat and electricity considering the transaction of 

hydrogen and electricity with the grid. 
In addition, much effort has been made to optimally schedule the 

microgrid without focusing on the penetration of HFSs for supplying 
HFVs’ demand, i.e., the microgrid integrated with HES. In Ref. [17], 
considering the investment cost of the WT and HES system and the en-
ergy cost, a distribution network expansion planning for optimal siting 
and sizing of wind turbines (WT) and HES system was presented vali-
dated in the IEEE 33-bus network. Likewise, the work in Ref. [18] 
focused on the interaction between WT and HES system and developed a 
stochastic day-ahead scheduling model with the price-based demand 
response. In Ref. [19], a long-term optimal planning model was devel-
oped for the hybrid energy system containing electricity, heating, 
cooling and hydrogen demands with the considerations of P2H and 
hydrogen storage. In Ref. [20], the coordination and optimization 
operational model for an electric heat hydrogen multi-energy storage 
system was proposed to reduce the curtailment of WT and PV to the 
power grid and improve the flexibility of the power grid regulation. 

To maintain dynamic energy supply and demand balances, energy 
management is essential to manage and coordinate the dispatchable 

Nomenclature 

t Index of time steps 
m Index of EHI-CSs 
r Index of PEVs 
Δt Time interval of the optimization problem (h) 
T Optimization horizon (h) 
tst Starting time interval of the current MPC round 
Fe

t The electricity cost of the unit ($) 
FP2H

t The cost by P2H mode ($) 
FH2P

t The cost by H2P mode ($) 
Fe,DM

gird,t Electrical power transaction cost in the day-ahead 
scheduling plan ($/kWh) 

Cim
unit,t Imbalance cost for RTM participation ($/kWh) 

Ce,RTM
CS,m,t Electrical power transaction cost between EHI-CSs 

($/kWh) 
Ctotal

unit,t The actual total cost of the multiple EHI-CSs unit in the 
time period t ($) 

Pbuy
unit,t Electrical power purchased from the utility grid to the unit 

(kW) 
Psell

unit,t Electrical power sold from the unit to the utility grid (kW) 

Pbuy
CS,m,t/Psell

CS,m,t Electrical power purchased/sold from one EHI-CS to 
the other EHI-CS (kW) 

Pbuy
all,m,t/Psell

all,m,t Total electrical power purchased/sold for each power 
station (kW) 

Pgird
unit,t Electrical power exchanged with the utility grid for the 

day-ahead schedule (kW) 
Pgird,intra

unit,t Actual electrical power exchanged with the utility grid 
(kW) 

Pim
unit,t Imbalance power of the deviation between the day-ahead 

schedule and real-time dispatch (kW) 
Ybuy,e

t /Ysell,e
t Price of buying/selling electricity of day-ahead clearing 

price ($/MWh) 
Yim,below

t Negative imbalance price ($) 
Yim,excess

t Positive imbalance price ($) 
CCwe/CCfc Capital cost for water electrolyzers and fuel cells ($) 
Hourswe/Hoursfc Number of life hours (h) 
cwe/cfc O&M cost function coefficient ($/h) 

ewe/efc Start-up and shutdown cost function coefficients ($) 
σP2H,on

m /σH2P,on
m Start-up times of P2H/H2P mode 

σP2H,off
m /σH2P,off

m Shutdown times of P2H/H2P mode 
HHFV

m,t HFVs load (kg) 
PPEV

m,t PEV fast charging demand (kW) 
PSolar

m,t Solar system power generation (kW) 
PSolar

used,m,t PVs power generation utilized in actual (kW) 
fL Capacity of power line (kW) 
EP2H P2H conversion factor (kg/MWh) 
EH2P H2P conversion factor (MWh/kg) 
ηP2H/ηH2P The efficiency of the P2H/H2P process (%) 
Hwe

m,t Outflow hydrogen of water electrolyzer (kg/h) 
Hfc

m,t Inflow hydrogen of fuel cell (kg/h) 
PP2H

m,t Input power of water electrolyzer (kW) 
PH2P

m,t Output power of fuel cell (kW) 
IH2P
m,t /IP2H

m,t Binary status indicator of H2P/P2H 
PP2H

max /PP2H
min Maximum/Minimum input electric power of the HES 

systems (kW) 
PH2P

max /PH2P
min Maximum/Minimum output electric power of the HES 

systems (kW) 
HSm,t Stored hydrogen in the hydrogen tank (kg) 
HSmax/HSmin The maximum/minimum value of stored hydrogen 

(kg) 
HSm,ini Initial stored hydrogen (kg) 
rPEV
t V2G subsidy from EHI-CSs 

CPEV
m,r,t Capacity of the PEV for the rth PEV (kWh) 

PPEV,ch
m,r,t /PPEV,disc

m,r,t Charging and discharging power (kW) 
ηPEV,ch/ηPEV,disc Charging and discharging PEV efficiency (%) 
CRPEV

max /DRPEV
max Maximum PEV charging/discharging rate (kWh) 

IPEV,ch
m,r,t /IPEV,disc

m,r,t Binary status indicator of PEV charging/discharging 
SOCPEV

m,r,t Stored energy in the PEV battery (%) 
SOCPEV,arr

m,r SOC of the PEV battery when arriving (%) 

SOCPEV,dep
m,r Required SOC of the PEV battery when departing (%) 

Γarr
m,r/Γdep

m,r Arrival/Departure time 
SOCPEV

min /SOCPEV
max Minimum/Maximum storage energy in the PEV 

battery (%)  
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devices in the microgrids. In recent years, reinforcement learning (RL)- 
based algorithms have been considered a promising solution for solving 
the energy management problem without any a priori knowledge or 
effort of stochastic modeling. For example, the work in Ref. [21] pro-
posed a cooperative RL-based algorithm for distributed economic 
dispatch in microgrids to coordinate the actions of distributed genera-
tion units and energy storage devices. In Ref. [22], an RL-based dynamic 
economic dispatch solution was proposed to minimize the total gener-
ation cost with no knowledge of the mathematical formulation of the 
actual generation cost functions. However, these solutions often require 
a long learning time and sophisticated learning policies. These increase 
the computational complexity of the real-time implementation of the 
RL-based solution [23]. The model predictive control (MPC)-based 
method can also be applied in the intraday dispatch based on the pre-
diction information and rolling optimization. In Ref. [24], an MPC-based 
model is established to schedule the operation based on the short-term 
prediction information, and its dispatch result is adjusted based on 
ultra-short-term error prediction. In Ref. [25], a supervisory energy 
management strategy for a standalone microgrid is designed based on 
the MPC method incorporated with forecasting techniques. 

For the coordination and optimization operation of electricity and 
hydrogen, some work considered the day-ahead market (e.g. Refs. [14, 
16,18]), whereas little work has considered the flexible coordination of 
day-ahead scheduling and real-time dispatch in the integration of elec-
tricity and hydrogen. In Ref. [26], an energy management model 
considering the optimal coordination of HFSs with demand response 
(DR), energy storage systems (ESS) as well as the day-ahead and 
real-time markets mechanisms was proposed. However, the H2P process 
was not considered to respond to the electricity pricing changes. In 
Ref. [27], a MPC-based method was developed for optimal economic 
scheduling of MG based on three types of energy storage systems (i.e., 
ESS, ultra-capacitor and HES) considering time-varying prices. In 
Ref. [28], a two-stage model based on robust optimization was proposed 
to minimize the operation cost of an HFS through the management of 
electricity price uncertainties. 

It can be observed that existing studies exploited the participation of 
microgrid integrated electric and hydrogen energy in the electricity 
market without the consideration of the coordination among multiple 
charging stations integrated with HES systems. To this end, this works 
exploits an optimal energy management strategy among multiple 
physically decentralized EHI-CSs that are managed by an EHI-CSs 
aggregator for fast-charging PEVs and refilling HFVs. A set of inter-
connected EHI-CSs can realize the power coordination among multiple 
EHI-CSs, and the HES system is utilized to accommodate the un-
certainties of generation and load. Also, the optimal energy manage-
ment of EHI-CSs can promote profit through participation in the 
deregulated power market. The main technical contributions made in 
this work can be summarized as follows.  

(1) A multiple EHI-CSs unit containing a set of interconnected EHI- 
CSs for fast-charging PEVs and refilling HFVs is established in 
this work. Electricity transactions among EHI-CSs and control-
lable facilities (i.e., water electrolyzers and fuel cells) can realize 
flexible energy management to participate in the electricity 
market. 

(2) A two-stage energy management system (EMS) strategy of mul-
tiple EHI-CSs unit is proposed to minimize the daily cost of the 
unit through the coordination of day-ahead scheduling in the 
day-ahead market (DM) and MPC-based real-time dispatch in the 
real-time market (RTM).  

(3) The proposed energy management solution is extensively 
assessed through a case study of multiple EHI-CSs unit with three 
EHI-CSs compared against two benchmark solutions (i.e., no 
transaction among EHI-CSs and no intra-day corrections), and the 
numerical results confirm its economic benefits. 

The remainder of this paper is organized as follows: Section 2 pre-
sents the multiple EHI-CSs unit model and the proposed EMS strategy. 
Section 3 describes the day-ahead scheduling and real-time dispatch 
model. The proposed EMS strategy is assessed in Section 4. Finally, the 
conclusive remarks are given in Section 5. 

2. System model and proposed solution 

This section presents the model of the multiple EHI-CSs unit and the 
electricity market for developing the proposed EMS. 

2.1. Overview of the proposed system 

The structure of a multiple EHI-CSs unit is illustrated in Fig. 1, and 
the communication connections between EHI-CSs and grid through a 
point of common coupling (PCC) and the EHI-CSs aggregator are also 
illustrated in the figure. For the electrical power transmission, EHI-CSs 
can supply and absorb electricity by both utility and other EHI-CSs. In 
the multiple EHI-CSs unit, EHI-CSs are considered physically adjacent 
and connected with the grid through the same power line. Several EHI- 
CSs are connected to the gird through a PCC and the line limitation in 
PCC is equal to fL [29]. 

The local power generation sources and load data within each EHI- 
CS are collected by a local controller (LC) and made available to the 
EHI-CSs aggregator for energy management. The role of the EHI-CSs 
aggregator is to minimize the economic cost of the whole multiple 
EHI-CSs unit [30]. It is noteworthy to mention that, in the proposed 
multiple EHI-CSs unit structure, the number of charging stations can be 
increased based on power system planning. 

The EHI-CS for PEVs and HFVs consists of a PV system, a HES system 
(including an electrolyzer, hydrogen tanks and a fuel cell) and a set of 
electric and hydrogen loads (i.e., PEVs and HFVs), as illustrated in Fig. 2. 
In this work, an EHI-CS is a small-scale energy zone consisting of 
different forms of generation sources, including the undispatchable en-
ergy sources (e.g., PV systems) and the dispatchable energy sources (e. 
g., water electrolyzer and fuel cell). These power generation sources are 
used to supply the electric load (i.e. PEVs) and hydrogen load (i.e. HFVs) 
within each EHI-CS and the demands of other EHI-CSs when necessary. 
Also, the individual EHI-CSs are interconnected with the power utility to 
ensure power supply reliability and flexibility. 

2.2. Electrical market model 

The EHI-CSs aggregator that manages the multiple EHI-CSs unit 
participates in a deregulated energy market including DM and RTM. The 
DM is used to schedule the energy transaction for the next day and the 
RTM aims to balance the power supply and demand in real-time. In the 
DM, the EHI-CSs aggregator can estimate the one-day multiple EHI-CSs 
unit consumption profiles and makes it available to the market organizer 

Fig. 1. System model for multiple charging stations and utility grid.  
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that will produce the day-ahead clearing price based on the power de-
mand and supply profiles, as suggested in Ref. [31]. Due to the inevi-
table forecasting error of the day-ahead stage, in the RTM, the EHI-CSs 
aggregator needs to update the operational decisions to follow the 
day-ahead schedule [32]. Besides, RTM is based on a dual-pricing 
market where deviations from the agreed power exchange are penal-
ized. In transactions with the grid, electricity power consumed below 
the scheduled is fined at a price lower than the day-ahead market price, 
whereas excess electricity power consumed is penalized at a price higher 
than the day-ahead market price [33]. 

2.3. Energy management strategy 

The proposed two-stage EMS strategy is schematically illustrated in 
Fig. 3. More specifically, the EMS strategy developed in this paper can be 
divided into two stages, i.e. the day-ahead scheduling stage and the real- 
time dispatch stage. 

In the day-ahead scheduling stage, based on the day-ahead clearing 
price, the day-ahead predicted data for RESs power generation and the 
demand, the minimum daily cost of the EHI-CSs unit can be obtained. 

The hourly optimal output curve of each generation source and the 
hourly optimal electric power exchange with the grid can be also ob-
tained, as well as the electric exchange between the EHI-CSs. Then, the 
scheduling plan will be sent to the real-time dispatch stage. 

In the real-time dispatch stage, the real-time dispatch revises the day- 
ahead schedule based on the RTM and short-term forecasted data to 
minimize the daily cost of the EHI-CSs unit using an MPC-based real- 
time optimization approach. MPC is an iterative and finite-time opti-
mization method that provides an effective solution to reduce the impact 
of prediction errors [34]. In the optimization, only the computed control 
signal of the current time interval is applied to the real-time dispatch 
process. In the next time step, the receding window is shortened by a 
one-time slot, and the intra-day energy dispatch algorithm repeats [32]. 
Note that, the short-term predicted data is used for the first several time 
slots of the optimization horizon, and the day-ahead forecasted data are 
used for the remaining intervals to ensure that each step of optimization 
takes into account constraints and information of the whole day. The 
MPC-based real-time optimization process in the proposed two-stage 
EMS is illustrated in Fig. 3. 

3. Problem formulation 

The day-ahead scheduling model with the DM participation and the 
real-time dispatch model with the RTM participation are described in 
this section, as well as the constraints for PV power generation, HES 
systems and power balance. 

3.1. Day-ahead scheduling model 

According to the day-ahead clearing price and the forecasted data of 
PV power generation, PEV and HFV load, the EHI-CSs aggregator makes 
its economic optimization schedule to minimize the daily cost of the 
multiple EHI-CSs unit. The objective function of the day-ahead sched-

Fig. 2. Charging station for electric and hydrogen vehicles.  

Fig. 3. The schematic diagram of the proposed two-stage EMS solution.  
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uling model is as Eqs. (1)–(4). 

min OF =
∑T

t=1

(
Fe

t +FP2H
t +FH2P

t

)

Δt (1)  

Fe
t =

∑M

m=1
Ybuy,e

t Pbuy
all,m,t − Y sell,e

t Psell
all,m,t (2)  

FP2H
t =

∑M

m=1

((
CCwe

Hourswe + cwe
)

IP2H
m,t + ewe( σwe,on

m + σwe,off
m

)
)

(3)  

FH2P
t =

∑M

m=1

((
CCfc

Hoursfc + cfc
)

IH2P
m,t + efc( σfc,on

m + σfc,off
m

)
)

(4) 

The objective function is given in Eq. (1) that minimizes the total cost 
due to electricity transactions and the operating cost of the HES system. 
Eq. (2) denotes the cost of electric power transactions, including the 
electrical transaction with the utility grid and among EHI-CSs, in the 
time period t. Eqs. (3) and (4) are cost functions of the HES system in 
P2H and H2P modes, respectively. In these two equations, the first term 
represents the operation and maintenance (O&M) cost for the water 
electrolyzer and fuel cell, which is associated with the working hours; 
the second term denotes the degradation cost, which is mainly associ-
ated with their start-up and shut-down times [27,35]. The day-ahead 
scheduling model for DM participation needs to follow the constraints 
Eqs. (14)–(28), and the detailed constraints are explained in part 3.3. 

3.2. Real-time dispatch model 

The inevitable difference between forecast data and real-time data 
may issue discrepancies between day-ahead schedule and real-time en-
ergy usage, resulting in a significant additional penalty for the power 
imbalance. The multiple EHI-CSs unit includes a large number of 
controllable facilities and adjustment methods for flexible coordination 
of day-ahead planning and real-time dispatching. In the RTM partici-
pation, the EHI-CSs aggregator should decrease the penalty cost as soon 
as possible to achieve its profit maximization. Notice, in the real-time 
dispatching, the electricity transactions between each EHI-CS and the 
operation of HES systems may differ from the day-ahead planning. 
Hence, the objective function of the multiple EHI-CSs unit for RTM 
participation should contain the penalty cost of energy imbalance, as 
well as the transaction cost between each EHI-CS and the operation cost 
of HES systems, which is shown in Eq. (5). 

min OFRTM =
∑T

t=tst

(
Fe,RTM

t +FP2H,RTM
t +FH2P,RTM

t

)
Δt (5)  

where the extra superscript “RTM” denotes the cost in the RTM partic-
ipation. Different from the day-ahead scheduling model, as shown in Eq. 
(6), electricity power transaction cost in the RTM participation includes 
penalty cost of energy imbalance and the electrical transaction cost 
among EHI-CSs. The expected energy imbalance to be compensated in 
the RTM is modeled as (7) to (10). Eq. (11) represents the cost for each 
EHI-CS due to the electrical transactions among EHI-CSs in the time 
period t. Notice, in the real-time dispatch stage, the exchange of elec-
tricity between the EHI-CSs in the multiple EHI-CSs unit will continue at 
a previously agreed price (i.e., day-ahead clearing price). It should be 
noted here that the variables used in the intraday dispatch model are 
denoted with superscript “intra". 

Fe,RTM
t =Cim

unit,t +
∑M

m=1
Ce,RTM

CS,m,t (6)  

Cim
unit,t =

{
Y im,below

t × Pim
t ,Pim

t ≤ 0
Y im,excess

t × Pim
t ,Pim

t ≥ 0
(7)  

Pim
unit,t =Pgird,intra

unit,t − Pgird
unit,t (8)  

Pgird
unit,t =Pbuy

unit,t − Psell
unit,t (9)  

Pgird,intra
unit,t =Pbuy,intra

unit,t − Psell,intra
unit,t (10)  

Ce,RTM
CS,m,t = Ybuy,e

t Pbuy,intra
CS,m,t − Y sell,e

t Psell,intra
CS,m,t (11) 

The expressions of FP2H,RTM
t and FH2P,RTM

t are similar to Eq. (3) and Eq. 
(4) in the day-ahead scheduling model, and the real-time dispatch model 
for RTM participation also needs to meet the constraints in Eqs. (14)– 
(28). For the sake of limited space, these equations are not repeated 
here. Further, from the day-ahead scheduling model and real-time 
dispatch model, it can be observed that, in the current time interval, 
the actual total cost of the multiple EHI-CSs unit can be described as, 

Ctotal
unit,t =Fe,DM

gird,t + Fe,RTM
t + FP2H,RTM

t + FH2P,RTM
t (12)  

Fe,DM
gird,t = Ybuy,e

t Pbuy
unit,t − Ysell,e

t Psell
unit,t (13)  

3.3. Constraints 

In the multiple EHI-CSs unit, the balance of electric power and 
hydrogen power should be guaranteed.  

1) Constraints of the PV generation system 

Due to the penalty cost of energy imbalance, the light abandonment 
in PV systems may occur in MGs, and thus PVs power generation utili-
zation is subject to Eq. (14). 

0≤PSolar
used,m,t ≤ PSolar

m,t (14)    

2) Constraints of HES system 

The HES system consists of a water electrolyzer, hydrogen tank and 
fuel cell. In this system, when the HES is charged, the generated 
hydrogen by the water electrolyzer is stored in the hydrogen tank, and 
the produced hydrogen by the water electrolyzer is modeled by Eq. (15). 
On the other hand, when the HES is discharged, the fuel cell produces 
electricity from stored hydrogen, the consumed hydrogen to generate 
the electrical power by the fuel cell is calculated using Eq. (16). 

Hwe
m,t =PP2H

m,t EP2HηP2H (15)  

PH2P
m,t =Hfc

m,tE
H2PηH2P (16) 

Eq. (17) guarantees that the H2P and P2H will not occur at the same 
time in the HES system. Eqs. (18) and (19) denote the upper and lower 
limits of hydrogen and power generated by the HES system. 

IH2P
m,t + IP2H

m,t ≤ 1 (17)  

PP2H
min IP2H

m,t ≤PP2H
m,t ≤ PP2H

maxIP2H
m,t (18)  

PH2P
min IH2P

m,t ≤PH2P
m,t ≤ PH2P

maxIH2P
m,t (19) 

The hourly stored hydrogen for HES systems is given by(20) that is 
limited to the maximum and minimum tanks capacity, as shown in Eq. 
(21). In the initial period of the day, the initial amount of hydrogen in 
hydrogen storage tanks is given in Eq. (22), and Eq. (23) specifies that 
the initial value of the stored hydrogen at t = 0 is the same as the value 
at t = T. 

HSm,t =HSm,t− 1 + Hwe
m,t − Hfc

m,t − HHFV
m,t (20)  
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HSmin ≤HSm,t ≤ HSmax (21)  

HSm,0 =HSm,ini (22)  

HSm,T =HSm,0 (23)    

3) Power balance constraints 

The electrical power balance constraints of the multiple EHI-CSs unit 
and the mth EHI-CS in each time slot is defined as (24) and (25), 
respectively. 

Pbuy
unit,t − Psell

unit,t =
∑M

m=1

(
Pbuy

all,m,t − Pbuy
CS,m,t

)

−
∑M

m=1

(
Psell

all,m,t − Psell
CS,m,t

)

(24)  

PSolar
used,m,t +PH2P

m,t − PP2H
m,t − PPEV

m,t = Psell
all,m,t − Pbuy

all,m,t (25) 

Eq. (26) guarantees the multiple EHI-CSs unit either receiving power 
or sending power to the utility grid. Eqs. (27) and (28) are used to ensure 
that the transmission power between the multiple charging stations unit 
and the utility grid cannot exceed the line limitation in the PCC. 

Ibuy
unit,t + Isell

unit,t ≤ 1 (26)  

0≤Pbuy
unit,t ≤ fL × Ibuy

unit,t (27)  

0≤Psell
unit,t ≤ fL × Isell

unit,t (28)  

4. Simulation experiments and numerical results 

To evaluate the effectiveness of the proposed MPC-based EMS 
strategy, a multiple EHI-CSs unit consisting of three EHI-CSs is consid-
ered with the DM and RTM participation. The problem is implemented 
in the YALMIP modeling language as linear programming and solved 
using the CPLEX optimizer [36]. In this work, the i7-97000 CPU, @3.20 
GHz and 16.00 G RAM are used for computation hardware, and the 
optimization is performed in MATLAB (version 2018a). The executive 
time for decision-making of the day-ahead energy scheduling is 3.28 s. 
The execution time of the real-time energy dispatch for a one-time slot 
decreases from 2.3 s to 0.47 s along with the window receding. This 
indicates that the proposed energy management solution can be carried 
out in an online fashion for the multiple EHI-CSs unit. 

4.1. Simulation setup 

The time slot in the implemented model is set as 1 h, i.e., in total 24- 
time slots over a day. For three EHI-CSs, the maximum power capacities 
of PVs generation are set as 1.2 MW, 2.6 MW and 1.4 MW; the maximum 
charging capacities for PEVs are set as 0.9 MW, 0.6 MW and 0.6 MW; the 
maximum charging capacities for HEVs are set as 70 kg, 40 kg, and 30 
kg, respectively. The capacity of power line is set as 1.5 MW, and to 
leave some space for intraday dispatching, the capacity of power line in 
the day-ahead scheduling stage is set as 1.35 MW. The corresponding 
parameters of the HES system are given in Table 1, as suggested in Refs. 
[35,37]. The hourly day-ahead clearing electricity price, the predicted 

and real data for the PV systems generation, PEV loads and HFV loads 
used in this test are shown in Fig. 4(a)–(d), respectively, as extracted 
from Refs. [15,37–41]. The predicted data is obtained by adding a 
forecast error to the real data [42]. The forecast errors of PVs are 
assumed to follow beta distributions [43]. It is assumed that the power 
forecast errors in the microgrid follow the same distribution due to the 
similar environment [7], and the predictions are with the normalized 
root mean squared error of 10%, as suggested in Ref. [44]. Further, it is 
considered that the day-ahead selling price is 0.9 times the day-ahead 
purchasing price, i.e.Ysell,e

t = 0.9Ybuy,e
t [45], and for the real-time en-

ergy market, the positive/negative imbalance price is 2/0.8 times the 
day-ahead purchasing price, i.e. Yim,excess

t = 2Ybuy,e
t and Yim,below

t =

0.8Ybuy,e
t [46], respectively. 

Unlike the day-ahead prediction, the intra-day forecast is carried out 
on a short-term scale (4 h), and thus can be considered close to the actual 
value [32]. In this work, for the receding horizon, the real data has been 
adopted for the first four-time slots and the day-ahead predicted data is 
used for the remaining time slots. 

4.2. Day-ahead scheduling results 

Day-ahead scheduling results for exchanging electric power with the 
gird over the test day are illustrated in Fig. 5, where the positive/ 
negative values indicate the purchased/sold power. 

Fig. 6 presents the result of day-ahead electrical scheduling over the 
test day for three EHI-CSs. The input and output electric power of HES 
systems for three EHI-CSs in the day-ahead scheduling stage as well as 
the power exchange (with the power utilities or other EHI-CSs) are 
illustrated in Fig. 6. In these figures, the positive values of the bar chart 
indicate the power flowing into the EHI-CS, i.e. the PV power output, the 
required electric power by the electrolyzer to produce hydrogen and the 

Table 1 
The required parameters for modeling the HES system.  

Parameter Value Parameter Value 

PP2H
max /PP2H

min (MW) 1/0.1 ηP2H/ηH2P (%) 0.8/0.6 
PH2P

max /PH2P
min (MW) 1/0.1 CCwe/CCfc ($) 1.25× 105/1.0× 105 

HSmax/HSmin (kg) 300/30 Hourswe/Hoursfc(h) 50,000/20,000 
HSm,ini (kg) 80 cwe/cfc ($/h) 0.07/0.05 
EP2H (kg/kWh) 0.0254 ewe/efc ($) 0.38/0.05 
EH2P (kWh/kg) 39.4    

Fig. 4. Profiles of (a) day-ahead electricity price; (b) PV system output; (c) 
electricity demand for three EHI-CSs; and (d) hydrogen demand for three 
EHI-CSs. 
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total purchased electrical power by each EHI-CS. The positive values 
represent the power supply by the fuel cell and the sold electricity. Fig. 7 
presents the day-ahead hydrogen scheduling results over the simulated 
day for three EHI-CSs, i.e. the expected demand of HFVs (gray bars), the 
required hydrogen by the H2P process (red bars) and the produced 
hydrogen (yellow bars) that is used to supply the HFVs or stored in the 
tanks. Fig. 8 presents the day-ahead stored hydrogen in the tanks for 
three EHI-CSs. As can be seen from the figures, most of the hydrogen 
consumption behaviors happen in the daytime. The hydrogen produc-
tion behaviors mostly happen during periods when the electricity price 
is low or the PV power is abundant. As the stored hydrogen should be 
kept to their initial level at the end of the day, the amount of stored 
hydrogen in three EHI-CSs returns to the same level at time 24. Further, 
it can be found that there is no H2P process in the day-ahead scheduling 
stage, which may be due to the low efficiency of H2P technology. The 
economic benefit of using H2P technology to obtain electricity is lower 
than purchasing electricity from outside. However, H2P technology can 
be used in the intraday dispatching stage to deal with the uncertainties 
to reduce the penalty cost of the RTM participation. 

4.3. Real-time dispatch results 

Following the day-ahead scheduling results, the proposed MPC- 
based real-time optimization approach is developed to implement the 
real-time energy dispatch. The real-time dispatch performance for 
electric exchanged power with the gird over the test day is presented in 
Fig. 9. 

The performance results of the real-time electricity, hydrogen 
dispatch and stored hydrogen are shown in Fig. 10, Fig. 11 and Fig. 12, 
respectively. The results are slightly different from the day-ahead 
scheduling results in Figs. 6, Figs. 7 and 8. It indicates that the real- 
time dispatch model can adjust the operational plans based on the up- 
to-date variables (e.g., PV power generation, PEV and HFV demands). 
It should be noted that the curtailment of PV occurs due to the fore-
casting errors and the additional penalty for the power imbalance in the 
RTM, as shown in Fig. 10. As the unplanned electricity sold to the grid 
will be penalized under this condition, the curtailment of PV power 
generation occurs. 

Further, to validate the economic performance of the proposed 

Fig. 5. The electric power exchange with the gird in the DM scheduling stage.  

Fig. 6. The day-ahead electrical scheduling for (a) EHI-CS1; (b) EHI-CS2; and 
(c) EHI-CS3. 

Fig. 7. The day-ahead hydrogen scheduling for (a) EHI-CS1; (b) EHI-CS2; and 
(c) EHI-CS3. 

Fig. 8. The day-ahead stored hydrogen in different time intervals for three 
EHI-CSs. 
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energy management method over a period, the proposed solution is 
assessed over the period of 7 days in comparison with two benchmark 
solutions: 

Benchmark 1: no electricity energy transaction between EHI-CSs. 
Benchmark 2: the day-ahead scheduling plan is executed without any 

intra-day corrections. 
Fig. 13 shows the day-ahead and actual net-load profiles for the 

whole multiple EHI-CSs unit compared with the benchmark 2 over 7 test 
days with the day-ahead clearing prices, PV power generation, PEV and 
HFV demands extracted from Refs. [15,37–41]. It can be observed that 
by applying MPC to online update the EHI-CSs control decisions, the 
actual unit net-load can generally follow the day-ahead scheduling plan 
with minor deviations. In contrast, the significantly larger deviations 
between the day-ahead and actual net-load deviations have occurred 
without control action update for the unit. Furthermore, based on Eq. 
(12) and Eq. (13), the actual operation cost over test days for the mul-
tiple EHI-CSs unit compared with two benchmark solutions are illus-
trated in Fig. 14. It is found that the proposed solution outperforms the 

other two benchmark solutions. In detail, the actual operational cost 
with the mean cost over 7 test days using the proposed solution is 712.2 
$ which is a reduction of 9.59% compared with Benchmark1 (787.7 $). 
It can be also found that, on certain days, although the penalty cost in 
RTM of the proposed solution is greater than the benchmark1, the 
additional cost is smaller. This indicates that in addition to controllable 
facilities (i.e., HES systems), the multiple EHI-CSs unit includes an 
adjustment method in the proposed solution, i.e., energy transaction 
between EHI-CSs, allowing flexible coordination of day-ahead planning 
and real-time dispatching to reduce the actual daily operation cost. 
Besides, the average cost of using the proposed solution is 46.18% lower 
than Benchmark2 (1323.2 $). This suggests that the proposed method 
can effectively reduce the impact of prediction errors in the day-ahead 
scheduling through real-time dispatching. 

Fig. 9. The electric power exchange with the gird in the RTM dispatch stage.  

Fig. 10. Real-time electricity dispatch results for (a) EHI-CS1; (b) EHI-CS2; and 
(c) EHI-CS3. 

Fig. 11. Real-time hydrogen dispatch results for(a) EHI-CS1; (b) EHI-CS2; and 
(c) EHI-CS3. 

Fig. 12. Real-time stored hydrogen in different time intervals for three 
EHI-CSs. 
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4.4. Further analysis with consideration of V2G 

It can be observed from Fig. 10 that the curtailment of PV power 
generation occurs due to the penalty mechanism in the RTM. The 
curtailment power of PV generation over 7 test days is illustrated in 
Fig. 15, and the mean curtailment power is 2.91 MW. To mitigate the PV 
power curtailment, the Vehicle-to-Grid (V2G) operation is considered. 
The V2G operation allows the PEV battery to absorb excess PV genera-
tion or low-cost electricity, which can be discharged when necessary to 
accommodate uncertainty or satisfy peak loads [47]. Although the 
fast-charging stations usually serve PEVs that need to be recharged 
immediately (typical charging duration of 30 min or less) [48], it cannot 
be ruled out that some PEVs can stay at EHI-CSs for a long time, e.g. 
owners who work nearby and are willing to provide V2G service. The 
studies in Refs. [49–51] confirmed the feasibility of integrating 
fast-charging V2G into the energy distribution. For the sake of 
simplicity, the following assumptions are made in this analysis: (1) 10 

charging piles (about 0.4 MW capacity) are added to each EHI-CS can 
provide V2G services; (2) the initial SOC of each PEV battery providing 
V2G is set as 60% [49]; and (3) all the charging piles are occupied for 
V2G. 

Here, the cost of V2G service provision is defined in Eq. (29) that 
needs to be considered in the objective function, as suggested in 
Ref. [52]. It is worth noting that V2G subsidy price is related to many 
factors, e.g. electricity market price and grid subsidy to V2G users. In 
practice, a trade-off needs to be made between setting the subsidy price 
and revenue of the EHI-CS [53]. In this work, the V2G subsidy from 
EHI-CSs is set as 0.02$/kWh. 

FV2G
t =

∑M

m=1

∑R

r=1
rPEV

t PPEV,disc
m,r,t

/
ηPEV,disc (29) 

The charging and discharging process of PEVs is formulated in Eqs. 
(30)–(36). The SOC in the PEV battery is given by Eqs. (30) and (31). Eq. 
(32) ensures the charging and discharging processes will not occur at the 
same time, and Eqs. (33) and (34) limit the charging and discharging 
power. Ideally, the nominal capacity of a PEV’s battery is 40 kWh with 
charging and discharging power of 40 kW (400 V/100 A) and 20 kW 
(400 V/50 A) [50], respectively, and charging and discharging effi-
ciency of 95%, [51]. Eq. (35) limits the stored energy for every PEV 
battery within 20–95%, and Eq. (36) signifies the charging requirement 
of each PEV should be satisfied upon its departure time. The power 
balance for individual EHI-CSs is given in Eq. (37). 

SOCPEV
m,r,t = SOCPEV

m,r,t− 1 +
PPEV,ch

m,r,t ηPEV,ch − PPEV,disc
m,r,t

/
ηPEV,disc

CPEV
m,r,t

, t∈

(

Γarr
m,r,Γ

dep
m,r

]

(30)  

SOCPEV
m,r,t = SOCPEV,ini

m,r +
PPEV,ch

m,r,t ηPEV,ch − PPEV,disc
m,r,t

/
ηPEV,disc

CPEV
m,r,t

, t = Γarr
m,r (31)  

IPEV,disc
m,r,t + IPEV,ch

m,r,t ≤ 1 (32)  

0≤PPEV,disc
m,r,t ≤ DRPEV

max IPEV,disc
m,r,t (33)  

0≤PPEV,ch
m,r,t ≤ CRPEV

max IPEV,ch
m,r,t (34)  

SOCPEV
min ≤ SOCPEV

m,r,t ≤ SOCPEV
max (35)  

SOCPEV
m,r,t ≤ SOCPEV,dep

m,r (36)  

PSolar
used,m,t +PH2P

m,t − PP2H
m,t − PPEV

m,t −
∑

r
PEV,ch

m,r,t +
∑

r
PPEV,disc

m,r,t = Psell
all,m,t − Pbuy

all,m,t

(37)  

With the V2G operation, the curtailment power of PV generation over 7 
test days are shown in Fig. 16. The result indicates that the V2G oper-
ation can efficiently mitigate the PV power curtailment with the mean 
curtailment power of 2.28 MWh, i.e. a 21.65% reduction compared with 
the scenario without V2G. 

Fig. 13. Net-load profiles of day-ahead scheduling and real-time dispatch results with and without intra-day corrections (over 7 test days).  

Fig. 14. Comparison of the operational cost over 7 test days. Note, 1: proposed 
solution; 2: benchmark 1; 3: benchmark 2. 

Fig. 15. Curtailment power of PV generation without V2G operation over 7 
test days. 
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5. Conclusions and future work 

In this paper, a two-stage EMS strategy is presented for multiple EHI- 
CSs unit to meet the electric and hydrogen demands of vehicles simul-
taneously. A set of interconnected EHI-CSs in the designed system can 
realize the power coordination among multiple EHI-CSs, and the HES 
system consisting of the P2H, H2P and hydrogen storage tanks is utilized 
to accommodate the intermittency of PV power generation in the elec-
tricity market. The flexible coordination of day-ahead scheduling and 
real-time dispatch is implemented in the deregulated power market. In 
the day-ahead scheduling stage, the EHI-CSs aggregator aims to mini-
mize the cost of the whole multiple EHI-CSs unit based on the day-ahead 
clearing price and the day-ahead forecasted data through economic 
optimization. In the real-time dispatching stage, the MPC-based real- 
time dynamic dispatch is carried out to minimize the penalty cost based 
on the day-ahead scheduling and short-term forecasted data. The pro-
posed two-stage EMS strategy for the multiple EHI-CSs unit is assessed 
through extensive simulation experiments compared with two bench-
mark solutions. The numerical results indicate that the proposed solu-
tion outperforms the two benchmark solutions with mean daily actual 
operational costs reduced by 9.59% and 46.18%, respectively. In addi-
tion, further analysis is provided to assess the benefits of V2G operation 
and the numerical results show that a 21.65% reduction of PV power 
curtailment in the condition that 0.4 MW of V2G capacity is added to 
each EHI-CS. 

For future work, a number of research directions are considered 
worth further effort. The proposed solution needs to be further exploited 
and validated in the off-grid operation with multiple EHI-CSs system 
through experiments. Also, the cost-benefit analysis of V2G operation in 
the energy management is required to further elaborated and quantified 
for different V2G capacities. 
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