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Abstract— At present, hydrogen fuel cell electric vehicle
(HFCEV) is increasingly affordable to replace petrol vehicles
and reduce carbon dioxide emissions. However, the refuelling of
the HFCEV is still an essential problem. Specifically, there are
not enough hydrogen refuelling stations at hand. In this paper,
a hydrogen based microgrid is presented to produce hydrogen
to refuel the HFCEV, and different strategies are proposed to
guide the HFCEV’s refuelling within the coupled transportation
network and power system. First, the HFCEV traffic flow model
based on a real-world transportation network is presented. Then,
a real-time simulation platform links the Sumo and Matlab is
presented. Third, a hydrogen based microgrid to refuel HFCEV is
built. Forth, an IEEE 30-node utility grid exporting power model
is presented. At last, the real-time hydrogen refuelling of HFCEV
through the coupled transportation network and power system is
proposed. Four coupled structures are considered, and different
HFCEV refuelling strategies (fixed price, dynamic price, LSTM
decision price) are compared. The simulation results demonstrate
that with the dynamic price, the congestion of the transportation
network is improved, the waiting time is reduced by 17.71%,
and the time loss of the network is reduced by 13.29%. With
reasonable guidance of the price, vehicles choose the selected
station to refuel hydrogen and influence the temporal-spatial
distribution of the traffic flow of the transportation network.
In addition, by adjusting the power station exporting power and
the refuelling station importing power, the voltage condition of
the power system can be improved.

Index Terms— Fuel cell electric vehicle, microgrid, hydro-
gen refuelling station, transportation network, real-time, power
system.
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LOH Level of hydrogen.
LSTM Long short term memory.
OD Origin-destination.
OPF Optimal power flow.
PEM Proton exchange membrane.
SOC State of charge.
SUMO Simulation of Urban MObility.

I. INTRODUCTION

AT PRESENT, transportation is responsible for a high
percentage of greenhouse gas emissions. In 2022, trans-

portation sector carbon dioxide (CO2) emissions reached a
high of 7.98 Gt, which is about 21.7 % of the total emis-
sions [1]. In Europe, the greenhouse gas emissions of the
transportation sector are about a quarter of total emissions [2].
To reduce the CO2 emissions in the transport sector, the elec-
tric vehicle has been put forward on the agenda to replace the
gasoline vehicle. Over the last decades, the number of battery
electric vehicles has been increasing. However, battery electric
vehicle has some disadvantages, including long charging time
and limited driving range [2].

Nowadays, hydrogen fuel cell electric vehicle has been
increasingly affordable, different types of HFCEV can be seen
in [3]. Many countries, such as America, Japan, and European
nations encourage the utilization of HFCEV on their roads [4].
Compared with the battery electric vehicle, HFCEV has a
similar performance to conventional vehicles with regards to
range and speed [4], and the quick refuelling of hydrogen,
less than 5 min [5]. However, the promotion of HFCEV is
highly dependent on the construction of hydrogen refuelling
infrastructure, and not enough refuelling stations are prepared
at present. Specifically, the construction cost for one hydrogen
refuelling station is about ten times higher than that of a gas
station [6].

The common structure of the off-site hydrogen refu-
elling infrastructure includes three parts, hydrogen production,
hydrogen delivery, and hydrogen dispensing [7]. However,
on-site renewable energy-powered hydrogen refuelling station
is recently increasingly popular [8], in which, hydrogen is
produced from renewable energy, and no greenhouse gas is
emitted.

1558-0016 © 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Univ de Alcala. Downloaded on December 10,2024 at 17:09:59 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0002-9270-814X
https://orcid.org/0000-0001-9795-2419
https://orcid.org/0000-0003-4067-0669
https://orcid.org/0000-0001-8809-2103


8182 IEEE TRANSACTIONS ON INTELLIGENT TRANSPORTATION SYSTEMS, VOL. 25, NO. 7, JULY 2024

Fig. 1. Hydrogen based microgrid to produce hydrogen to refuel hydrogen
fuel cell electric vehicles.

In this paper, a hydrogen based microgrid is built to produce
hydrogen to refuel HFCEVs. The structure of the hydrogen
based microgrid is presented in Fig. 1. In the microgrid,
an electrolyzer is deployed to produce hydrogen through
electrical power, and hydrogen is stored in tanks. Hydrogen
can be used either to generate electricity through the fuel cell
or to refuel HFCEVs through refuelling stations. Hydrogen
based microgrid has been verified in a variety of situations [9].

Moreover, as the widely installed renewable energy
resources around the world, using green electricity to produce
hydrogen is the trend and can reduce costs, such as wind
power [10], solar power [11], nuclear power driven electrolysis
hydrogen production.

On the other hand, HFCEV travels on the transportation
network and has a temporal-spatial characteristic. When a
vehicle needs to refuel hydrogen, it needs to choose an
appropriate refuelling station. First, it wants to travel to the
nearest refuelling station to save time. Second, it wants to
travel to the cheapest refuelling station to reduce costs.

Meanwhile, if lots of vehicles travel to the same refuelling
station, which will then cause traffic congestion around the
refuelling station, and also cause a peak hydrogen demand in
the refuelling station. Thus, considering the real-time state of
the transportation network and the power network to avoid
traffic congestion and peak demand is an essential problem.

In this paper, a real-time HFCEV refuelling through the
coupled transportation network and power system is proposed.
The microgrid is deployed to link these two networks, and
the structure of the transportation network, microgrid, and
power system is presented in Fig. 2. The left network is
an IEEE 30-node network, which can export electricity to
a microgrid. The renewable energy based power station is
deployed to supply renewable energy to the utility grid. The
right network is a real-world transportation network, which is
deployed to simulate the temporal-spatial hydrogen refuelling
of the vehicles. The HFCEVs travel around and can refuel
hydrogen in microgrids. Four microgrids are interconnected
with the power network.

A. Hydrogen Refuelling of the Fuel Cell Electric Vehicle

In fact, refuelling of the HFCEV and the hydrogen refueller
stations have been widely studied. For example, in [12],

authors study a hydrogen refuelling station, which includes the
electrolyzer stacks, storage, dispenser, cooling, and rectifier.
The hydrogen demand of the HFCEV is modeled based on
the arrival rate and the initial state of the on-board tank range.
In [13], a renewable energy-based self-sustainable hydrogen
refuelling station is presented, proton exchange membrane
(PEM) electrolyzer is deployed to produce hydrogen. The
hydrogen demand is obtained from measured data. In [14],
wind turbine and utility grid are deployed to supply power to
the PEM electrolyzer to build the hydrogen refuelling station,
and time series hydrogen demand is derived from a simulated
profile. In [15], a hydrogen filling station with a pressurized
alkaline electrolyzer experiment system is presented. Wind
turbines and solar panels are deployed to provide renewable
energy. Different electrolyzer operation modes are compared.

A water electrolyzer can split water into hydrogen and
oxygen using any electrical power source. For the commercial
electrolyzer, the energy efficiency is about 55-75% [16]. And
the renewable energy-driven water electrolyzer is increasing
as the most common and widely used process. However,
in the above papers, the authors do not consider the utility
grid network operation and the transportation network vehicle
traffic flow.

Interdisciplinary studies of the power network and trans-
portation network coupling are desired, and lots of papers have
been published. For example, in [17], the authors study the
planning of urban electrified transportation networks, which
determines the investment strategies for the transportation
network and the power distribution network. Nesterov user
equilibrium is used to describe traffic flow, and linearized
branch power flow is adopted to derive the operation condition
of the distribution network. In [18], the authors study the
planning of electric vehicle charging stations by coupling
the transportation network with the power distribution net-
work. The links between the two networks are charging
demands, which are assumed to be a linear function of traffic
flow. In [19], the authors study the coordinated operation of
transportation systems and power systems. The problem is
formulated as a centralized optimization problem, the objective
function is to minimize the sum of the total travel cost of
the transportation network and the energy service cost of the
distribution network. In [20], authors study the robust oper-
ation of the coupled power distribution networks and urban
transportation networks. The power demand load perturbation
caused by the traffic demand uncertainty is considered.

However, at present, integrating renewable energy resources
into the power network is an increasing trend. The above
papers still focus on the traditional distribution network, and
lack of investigations on the active distribution network.

In terms of the coupling of the active distribution network
and transportation network, some work also has been done.
In [21], the authors study the optimal planning of a cou-
pled distribution network and transportation network, electric
vehicle charging facilities are the links between these two
networks. The charging demand is described as an increasing
function subject to the traffic flow. Steady traffic flow assign-
ment in the transportation network and conic relaxation-based
branch flow in the distribution network are considered.
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Fig. 2. The structure of the power station, power system network, microgrid, and transportation network.

Furthermore, in [22], the authors study the planning of the
coupling of transportation, natural gas, and active distribution
networks. Multi-energy stations are presented as coupling
components. Traffic flow, power flow, and natural gas flow
are considered. In [23], authors study the trading for multiple
microgrids coupled with transportation networks. The fast
charging stations are installed in microgrids and linked to
the transportation network. The vehicles act to minimize their
travel costs in response to the charging prices. The microgrid
aims to minimize the operation cost via energy trading and
electric vehicle charging.

However, the above papers all focus on electric vehicle
charging, and the HFCEV refuelling still lacks investigations.
Compared with the battery electric vehicle, the HFCEV has
a short refuelling time, but typically, the hydrogen refuelling
facilities need to consume auxiliary electricity power [24].

In addition, in the hydrogen refuelling stations, to bet-
ter manage the refuelling vehicles, the customer refuelling
behavior information needs to be considered. For exam-
ple, in [25], the authors study the optimal operation of
a hybrid hydrogen/electricity refuelling station powered by
solar. The hydrogen refuelling demand is obtained from the
recorded data. In [26], the authors study the operation of a
grid-connected hydrogen refuelling station, which purchases
power from the utility grid market. The hydrogen demands
are obtained from a fuel station profile and adjusted based
on the hydrogen demand for mobility in Belgium. In [27],
the authors study the optimal scheduling of an IEEE 33-bus
distribution microgrid with hydrogen refuelling stations taking
into consideration of uncertainties. The hydrogen demands are
obtained based on the forecast method. Moreover, in [28],
authors study the refuelling behavior and derive demand
profiles for car-sharing vehicles.

However, in the above papers, the temporal-spatial charac-
teristic of the customer refuelling behavior is not considered.
Especially, when considering the real-world transportation
network, the refuelling behavior of HFCEVs is complex.

Fig. 3. The operation relations of HFCEV refuelling, microgrids, and utility
grid.

In this paper, SUMO [29] traffic simulator is adopted to
describe the HFCEV refuelling behavior through a real-world
transportation network. HFCEVs choose the best refuelling
station based on the travelling distance and the hydrogen
selling price. Then, a hydrogen based microgrid is deployed
to produce hydrogen to refuel vehicles, and in each microgrid,
the hydrogen selling price can be adjusted based on the traffic
network congestion. When the traffic around the microgrid
is congested, then the hydrogen selling price is increasing,
intending not to attract the consumers. At last, the microgrid
can import electricity from the utility grid. Based on the
utility grid voltage condition, the power station adjusts its
output power to improve the utility grid operation condition.
The operation relations of HFCEV refuelling, microgrids, and
utility grid are presented in Fig. 3.

B. Contributions

Compared to the previous works, the contribution of this
paper can be concluded as follows:
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• First, the SUMO traffic simulator is adopted to model
the HFCEV refuelling behavior through a real-world
transportation network;

• Second, a hydrogen based microgrid is deployed to
produce hydrogen to refuel vehicles and the hydrogen
selling price is deployed to guide vehicles to stations to
refuel hydrogen;

• Third, with the dynamic price, the congestion of the trans-
portation network is further improved, and the waiting
time and time loss of the network are further reduced;

• Forth, a long short-term memory (LSTM) network is
deployed to train the relationship between states (voltage,
traffic flow) and the price. And the hydrogen price is
adjusted based on the smart LSTM network.

• Last, with reasonable guidance of the price, vehicles
choose the cheapest station to refuel hydrogen and influ-
ence the temporal-spatial distribution of the traffic flow in
the transportation network. In addition, by adjusting the
power station exporting power and the refuelling station
importing power, the voltage condition of the power
system can be improved.

The remainder of this paper is organized as follows.
Section II describes the problem formulation. Section III
presents the proposed solution. Section IV presents the simu-
lation results. Finally, Section V concludes the paper.

II. PROBLEM FORMULATION

In this section, different models are presented, including
HFCEV refuelling through real-world transportation networks,
real-time simulation of the coupled transportation network and
power network, hydrogen based microgrid operation model,
renewable energy based power station operation model, and
utility grid operation model.

A. Hydrogen Vehicle Refuelling Through Real-World
Transportation Network

In this section, HFCEV refuelling behavior through
real-world transportation networks are presented. A real-world
transportation network located in E : 113.93, N : 22.57,
Shenzhen, China is studied. The hydrogen vehicles choose the
best refuelling station based on the travelling distance and the
hydrogen retailing price.

Assume there are N refuelling stations, in each i station,
there is a hydrogen refuelling price Pri . For each HFCEV,
it chooses refuelling station based on the following two rules:
(1) the three nearest refuelling stations among N refuelling
stations based on distance are firstly selected, i.e., Disnear =

{Dnear1, Dnear2, Dnear3}; (2) then it compares the refuelling
price in these three stations, and selects the cheapest price
station.

After all HFCEVs select their refuelling stations, vehicles
begin travelling through the real-world transportation network.
And we monitor the traffic congestion near the N refuelling
stations. If the traffic congestion near i station is large, then the
i station should increase the price Pri to dis-attract vehicles.

In conclusion, the relationship between refuelling hydrogen
price and traffic congestion can be seen in the following Fig. 4.

Fig. 4. The relationship between refuelling hydrogen price and the traffic
congestion.

In addition, the power station adjusts its exporting power based
on the utility grid voltage to improve the utility grid operation
condition.

Here, the SUMO traffic simulator is adopted to model the
travelling of the HFCEVs. The traffic calculation in SUMO
can be described in Fig. 5.

In the SUMO simulator, firstly, upload the graph rep-
resentation of the real-world transportation network, and
the network parameters. Then, set the traffic flow dataset
(origin-destination OD flow). After that, use the Depth First
Search (DFS) algorithm to find all paths for OD flow. DFS
algorithm is often used to search a graph or tree data
structure [30]. Then, based on all paths for OD flows, use
the Franke-Wolfe algorithm [31] to calculate the traffic flow
assignment.

The traffic flow assignment [32] problem can be described
as follows.

min
∑
α

∫ f t
α

0
τ t
α(θ)dθ

s.t.
∑
Kuw

ϱt
uw,k = d t

uw∑
uw∈O

∑
k∈Kuw

δuw,k,αϱt
uw,k = f t

α

ϱt
uw,k > 0 (1)

δuw,k,α is the link-route indicator variable, i.e., if route k ∈

Kuw uses link α, δuw,k,α = 1, and ϱt
uw,k is the total traffic

flow on route k. d t
u,w is the traffic demand between an origin-

destination (OD) pair u −w during time t . Ku,w are the routes
that connect u, w, O is the set of OD pairs. The travelling time
on road α at hour t is τ t

α( f t
α), and is related to the traffic flow

f t
α on road α. The widely used Bureau of Public Roads (BPR)

function [32] is adopted to describe the relationship between
travelling time and traffic flow: τ t

α( f t
α) = τ 0

α⌊1 + 0.15(
f t
α

f α

)4
⌋.

τ 0
α is the travel time on link α without any congestions and
f α is the link road capacity.

Based on the above traffic flow assignment results, the traffic
congestion T C can be calculated. In addition, the refuelling
of hydrogen H y in each station is also calculated, which is
transferred to the microgrid operation.
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Fig. 5. The traffic calculation in SUMO.

Fig. 6. Tcp/ip send-receive message handling logistic algorithm.

B. Real-Time Simulation for the Coupling of Transportation
Network and Power Network

In the above section, the refuelling hydrogen H y(t) is cal-
culated in Sumo software. However, the microgrid operation
problem is developed in Matlab software. Thus, a real-time
communication platform to link Sumo and Matlab is needed.
In this paper, the tcp/ip message is adopted to exchange
information between Sumo and Matlab in real time.

The tcp/ip send-receive message handling logistic algorithm
is developed, and presented in Fig. 6.

First, in the Sumo, the “T C P_receive” thread waits to
receive the message (Price) from Matlab, after it receives
the message (through tcp/ip channel), the HFCEVs travel
forward one step to the selected destination hydrogen refu-
elling station. After that, Sumo sends the message (hydrogen
refuelling message, traffic congestion message) of each station
to Matlab (through tcp/ip channel), and Sumo runs to the next
step.

At the same time, in Matlab, the “T C P_receive” thread
waits to receive the message (hydrogen refuelling message,
traffic congestion message) from Sumo, after it receives the
message (through tcp/ip channel), microgrid operation is run-
ning for one time step. After that, Matlab sends the message
(Price) to Sumo (through tcp/ip channel), and Matlab goes
to the next time step.

C. Hydrogen Based Microgrid Operation

Based on the above tcp/ip send-receive message handling
logistic algorithm, the traffic congestion T C and the refuelling
of hydrogen H y in each station (calculated in Sumo) are then
successfully transferred to the microgrid operation problem
(developed in Matlab). In the microgrid, hydrogen is produced
to cover the refuelling hydrogen demands.

The hydrogen based microgrid is presented in Fig. 1. The
installed renewable energy and the utility grid are deployed to
produce hydrogen to refuel HFCEVs to cover the refuelling
demands H y.

The operation goal of the microgrid is to minimize the
operation cost. The utilization cost of the battery and the
hydrogen storage is adopted to decide the dispatching pri-
ority of each device. The objective function is represented
as:

Cop =

T∑
t=1

(Bch
cost (t) + Bdis

cost (t) + H ele
cost (t) + H f c

cost (t)

+ γ · Ug(t) + α · PL S(t) + β · Pcurt (t)) (2)

Bch,dis
cost (t) =

C inv
bat · Pch,dis(t) · ηb

2 · Nbat
(3)

H ele, f c
cost (t) =

(
C inv

ele, f c

Nele, f c
+ Co&m

ele, f c

)
· δele, f c(t)

+ Cstart
ele, f c · 1δele, f c(t) (4)

where Ug(t) is the power from utility grids, γ is the coeffi-
cient. PL S(t) is the shedding loads, Pcurt (t) is the curtailed
renewable generations output, and α and β are the penalty
values. C inv

bat is the investment cost for the battery storage, and
Nbat is the number of cycles over its lifetime. C inv

ele, f c are the
investment costs of the electrolyzer and the fuel cell. Co&m

ele, f c
are the operation and maintenance costs. Cstart

ele, f c are the startup
cost. Nele, f c represents the lifetime of the electrolyzer and fuel
cell. δele, f c(t) describe their state (i.e., 1 for on, 0 for off).
Finally, 1δi represents whether the unit is starting or not, and
is defined as:

1δi (t) = max{δi (t) − δi (t − 1), 0}, i = {ele, f c} (5)

The above optimization problem is subject to several con-
straints.

δ j (t) · Pmin
j ≤ Z j (t) = δ j (t) · Pj (t) ≤ δ j (t) · Pmax

j

j = {ele, f c, ch, disch} (6)
δele(t) + δ f c(t) ≤ 1 (7)
δch(t) + δdisch(t) ≤ 1 (8)
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
SOC(t) = SOC(t − 1)

+
Pch(t) · 1t · ηch − Pdis(t) · 1t · ηdis

Caba
SOCmin ≤ SOC(t) ≤ SOCmax

(9)


L O H(t) = L O H(t − 1) + ṅ pro

H2 1t − ṅcon
H2 1t

−Hy(t)
ṅ pro

H2 = fele(Zele), ṅcon
H2 = f f c(Z f c)

L O Hmin ≤ L O H(t) ≤ L O Hmax

(10)


1δi (t) = δi (t) · (1 − δi (t − 1)), i = {ele, f c}
−δi (t) + 1δi (t) ≤ 0
−(1 − δi (t − 1)) + 1δi (t) ≤ 0
δi (t) + (1 − δi (t − 1)) − 1δi (t) ≤ 1

(11)

Ug(t) + PRE S(t) − Pcurt (t) − Zele(t) + Z f c(t)

− Zch(t) + Zdis(t) = (Pload(t) − PL S(t)) (12)

Constraint (6) describes the outputs that have been limited to
the minimum and maximum values. Constraint (7) describes
the electrolyzer and the fuel cell can not work at the same
time. Constraint (8) describes the battery cannot charge and
discharge at the same time. Constraints (9), (10) describe the
limitation of the state of charge and the level of hydrogen.
Constraint (11) rewrite equation (5), and transform the non-
linear equation in linear equations. Constraint (12) describes
the power balance between generation and demand, PRE S is
the renewable energy output.

Based on the above objective function and constraints, the
microgrid operation problem can be summarized as follows:

min
z,Ug

{Cop} s.t. (6) − (12) (13)

where z is the set of decision variables, Ug is the imported
power from power network.

D. Operation of the Renewable Energy Based Power Station

The operation of the renewable energy based power station
is similar to microgrids. The objective function is presented
as follows:

C ps
op =

T∑
t=1

(Bch
cost (t) + Bdis

cost (t) + H ele
cost (t) + H f c

cost (t)

+ Prselling · Pexport (t) + β · Pcurt (t)) (14)

where Prselling is the energy selling price, which is adjusted
based on the utility grid voltage, and Pexport is the exported
power of the power station.

For the power station, it supplies renewable energy to the
utility grid, and it always exports energy Pexport . Thus, the
constraint (12) should be revised as follows:

PRE S(t) − Pcurt (t) − Zele(t) + Z f c(t)

− Zch(t) + Zdis(t) = (Pload(t) + Pexport (t)) (15)

The renewable energy based power station operation prob-
lem can be summarized as follows:

min
u,Pexport

{C ps
op } s.t. (6) − (11), (15) (16)

where u is the set of decision variable, Pexport is the exported
power to utility grid.

E. Operation of the Utility Grid

Microgrid imports power from utility grid Ug(t), and power
station exports power to utility grid Pexport (t). For the utility
grid operation, it is an optimal power flow (OPF) problem.
The OPF problem can be represented as follows:

min
Pg,Qg,V

Cug =

ng∑
i=1

{
f i

P (P i
g) + f i

Q(Qi
g)
}

(17)

s.t. Pg
i + Pexport,i = P load

i

+

nbus∑
j=1

Vi V j (Gline
i j cosθi j + Bline

i j sinθi j )

+ Ugi

Qg
i = Qload

i +

nbus∑
j=1

Vi V j (Gline
i j sinθi j − Bline

i j cosθi j ) (18)

V i,min
m ≤ V i

m ≤ V i,max
m ; i = 1, 2, . . . , nbus

P i,min
g ≤ P i

g ≤ P i,max
g ; i = 1, 2, . . . , ng

Qi,min
g ≤ Qi

g ≤ Qi,max
g ; i = 1, 2, . . . , ng (19)

where the P i
g, Qi

g are the real and reactive power of the
i th generator. f i

P , f i
Q are the individual polynomial cost

function of the i th generator. P load
i , Qload

i are the real and
reactive load demand at bus i . Pexport,i is the power sta-
tion real exported power to utility grid at bus i . Ugi is
the real exported power to microgrids at bus i . Gline

i j , Bline
i j

are the parameters of the power lines from bus i to bus
j . V i

m, V i,min
m , V i,max

m are the voltage magnitude, minimum
voltage magnitude, and maximum voltage magnitude at bus
i . P i,min

g , P i,max
g , Qi,min

g , Qi,max
g are the minimum and maxi-

mum real and reactive power of i generator.

F. The Whole Problem Formulation

In conclusion, the whole problem formulation can be rep-
resented as follows:

In the Sumo simulator, based on the received price Pr ,
HFCEVs travel to the selected refuelling station to refuel
hydrogen, and one can calculate the refuelling hydrogen
amount in each station H y, and the traffic congestion near
each station T C .

{H y, T C } = SU M O(Pr, V ehicles) (20)

Then, based on the received refuelling hydrogen H y, micro-
grids run their operation strategy, and one can calculate the
scheduling results and the imported power from the utility
grid Ug. In addition, based on the received traffic congestion
information T C and the utility grid voltage V , the microgrid
can update the hydrogen price Pr .Ug = argmin

z,Ug
{Cop(H y)}

Pr = f (T C, V )
(21)

Based on the selling price Prselling , the power station
runs its operation problem, and one can obtain the exported
power to the utility grid Pexport . In addition, the selling price
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Algorithm 1 The Proposed Coupling Power Network and
Transportation Network Sequential Algorithm

1: for
2: do TCP/IP: Matlab: Prt → tcp/ i p

⇝⇝
→ Sumo;

3: Sumo: Update the hydrogen price Prt ;
4: Sumo: Solve {H yt , T Ct }

= SU M O(Prt , V ehiclest );
Sumo outputs: {H yt , T Ct }

5: TCP/IP: Sumo: {H yt , T Ct } → tcp/ i p
⇝⇝

→ Matlab;

6: Matlab: Solve Ugt = arg min
zt ,Ugt

{Cop(H yt )};

Call Gurobi:

min
z,Ugt

{Cop} s.t. (6) − (12)

7: Matlab: Solve Pexport,t
= arg min

ut ,Pexport,t
{C ps

op (Prselling,t )};

Call Gurobi:

min
u,Pexport,t

{C ps
op } s.t. (6) − (11), (15)

8: Matlab: Solve (Pt , Qt , Vt )

= arg min
Pg,t ,Qg,t ,Vt

Cug(Ugt , Pexport,t );

Call Matpower:

min
Pg,Qg,V

{Cug} s.t. (18) − (19)

9: Matlab: Calculate the new price Prt+1 = f (T Ct , Vt ),
Prselling,t+1 = g(Vt ) for next time t + 1;

10: t=t+1;
11: end for

Prselling is dynamically updated based on the utility grid
voltage V . Pexport = arg min

u,Pexport
{C ps

op (Prselling)}

Prselling = g(V )
(22)

After that, based on the microgrid imported power Ug and
power station exported power Pexport , utility grid runs its
optimal power flow problem, and check the voltage variation.

(P, Q, V ) = arg min
Pg,Qg,V

Cug(Ug, Pexport ) (23)

III. THE PROPOSED SOLUTION

The above problem is a coupled complex optimization
problem. Fortunately, it can be solved sequentially. First,
solve the HFCEV refuelling within the transportation net-
work problem in SUMO. Second, solve the refuelling station
microgrid operation problem in Matlab. It is a mixed integer
programming optimization and is solved by Gurobi [33].
Third, solve the power station operation problem, which is also
solved by Gurobi. Forth, solve the power grid OPF problem
by Matpower [34]. Last, update the power station selling price
and the refuelling station hydrogen price. Repeat the above
sequential steps until the stopping criteria are satisfied. The
solving algorithm is presented in Algorithm 1.

f is the hydrogen price adjusting strategy: (1) if T Ct is
high, increase Prt+1 to dis-attract HFCEV refuelling, else if
T Ct is low, decrease Prt+1 to attract HFCEV refuelling; (2) if
Vt is high, decrease Prt+1 to attract HFCEV refuelling; else
if Vt is low, increase Prt+1 to dis-attract HFCEV refuelling.

g is the power station selling price adjusting strategy: if
Vt is high, decrease Prselling,t+1 to decrease selling profits to
decrease output power; else if Vt is low, increase Prselling,t+1
to increase selling profits to increase output power.

IV. SIMULATION RESULTS

In this section, four different coupled structures are
deployed, which are presented in Fig. 7. Case 1 and Case 2 are
implemented to compare the impact of the power station on the
coupled network. Case 2 and Case 3 are deployed to compare
the impact of the price strategy on the coupled transportation
network and power system. Case 3 and Case 4 are imple-
mented to compare the impact of the smart LSTM [35] price
decision strategy on the coupled network. Four structures are
summarized as follows:

1) In Case 1, the power station is not considered, only
microgrids are considered;

2) In Case 2, the power station is considered, the exporting
power of the power station is adjusted based on the
selling price, and the selling price is adjusted based
on the utility grid voltage; in addition, in microgrid,
the hydrogen price is adjusted based on the traffic
congestion;

3) In Case 3, the power station is considered, the difference
is that in the microgrid, the hydrogen price is adjusted
based on the utility grid voltage and the traffic conges-
tion;

4) In Case 4, an LSTM network is adopted to train the
relationship between states (voltage, traffic flow) and the
price. The hydrogen price is decided based on the smart
LSTM network.

A. Simulation Results for Case 1

In Case 1 (Fig. 7), the power station is not considered,
and three different scenarios Case 1A, Case 1B, and Case 1C
are implemented to compare the impact of price. In addition,
in order to study the users’ behaviors impacts, three different
users’ behaviors in Case 1C are further compared.

• In scenario Case 1A, hydrogen price is not considered,
and vehicles choose the nearest distance station to refuel
hydrogen;

• In scenario Case 1B, fixed hydrogen price is considered;
• In scenario Case 1C, dynamic hydrogen price is con-

sidered, and the price is dynamically adjusted based
on the traffic congestion. Three different users choosing
refuelling station strategies are compared.

– Case 1C-user-S1: users choose a station based on
the following two rules: (1) the three nearest refu-
elling stations are firstly selected based on distance,
Disnear = {Dnear1, Dnear2, Dnear3}; (2) then it com-
pares the refuelling price in these three stations, and
selects the cheapest price station.
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Fig. 7. The simulation structure for case 1, case 2, case 3, and case 4.

– Case 1C-user-S2: users have 50% probability to
select strategy user-S1, and the other probability to
select a random station from the three nearest stations
Disnear = {Dnear1, Dnear2, Dnear3}.

– Case 1C-user-S3: users have 50% probability to
select strategy user-S1, and the other probability to
select the nearest station Dnear1.

Four microgrids are considered to produce hydrogen to
refuel HFCEVs. The IEEE 30-node network is considered as
the utility grid.

The refuelling hydrogen in each station is presented in
Fig. 8. Every 200 seconds, each station updates the hydrogen
price, and HFCEVs receive the new price, and choose the
appropriate refuelling station to refuel hydrogen. It can be seen
that with different hydrogen price strategies, the refuelling
hydrogen in each station is different.

The relationship between the dynamic price and the traffic
flow is presented in Fig. 9. It can be seen that when the traffic
flow is high, the price is then adjusted higher to disattract
vehicles to refuel hydrogen. When the traffic is low, the price
is adjusted lower to attract vehicles to charge hydrogen.

The states of the transportation network under different
scenarios are presented in Tab. I. It can be seen that in Case 1B
(fixed price), the waiting time is reduced by 13.51%, and
the time loss is reduced by 9.22%. It can be seen that in
Case 1C-user-S1 (dynamic price), the traffic congestion of
the transportation network is further improved, the waiting
time is further reduced by 17.71%, and the time loss of the
network is further reduced by 13.29%. In Case 1C-user-S2,

Fig. 8. The refuelling hydrogen in four stations for case 1.

Fig. 9. The relationship between the dynamic price and the traffic flow for
case 1.

TABLE I
THE STATES OF THE TRANSPORTATION NETWORK FOR CASE 1

users’ behaviors have negative impacts on the traffic conges-
tion of the transportation network and increase the waiting
time. In Case 1C-user-S3, the conditions of the transportation
network are improved, but the improvements are not better
than that in Case 1C-user-S1.

The operation costs of four microgrids are presented in
Fig. 10. It can be seen that with three different price strategies,
the microgrid operation costs are different, this is because that
refuelling hydrogen in each microgrid is different. The level of
hydrogen (LOH) and state of charge (SOC) in four microgrids
are presented in Figs. 11, 12. The produced hydrogen is
supplied to refuel vehicles. It can be seen that in Case 1A
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Fig. 10. The operation cost of four microgrids for case 1.

Fig. 11. The LOH and SOC in microgrid 1 and microgrid 2 for case 1.

(no price), the charging hydrogen in station 1 and station 2 are
smaller than that in station 3 and station 4 (because LOH
and SOC curves in station 1 and station 2 have decreased
smoothness). In Case 1B and Case 1C, the charging hydrogen
in station 3 and station 4 are smaller than that in station 1 and
station 2 (because LOH and SOC curves in station 3 and
station 4 are decreased smoothness). This is because, with the
guidance of the price, vehicles choose the cheapest station to
refuel hydrogen.

The voltage deviation of the IEEE 30-node network is
presented in Fig. 13. The voltage deviation has not unit

and is defined as
∑n

k=1(
V re f

k − Vk

V re f
k

)2, V re f
k is the reference

voltage 1, Vk is the k node voltage. It can be seen that the
voltage deviations are all within the security bound. This
means that the utility grid operates safely to export power
to microgrids.

Fig. 12. The LOH and SOC in microgrid 3 and microgrid 4 for case 1.

Fig. 13. The voltage deviation of the IEEE 30-node network for case 1.

B. Simulation Results for Case 2

In Case 2 (Fig. 7), a power station is considered. In a power
station, the exporting power is adjusted based on the selling
price, and the selling price is adjusted based on the utility
grid voltage. One can adjust the voltage of the utility grid by
adjusting the exporting power of the power station, and at last,
improve the operation condition of the utility grid.

The voltage v.s. dynamic price v.s. power output in the
power station is presented in Fig. 14. It can be seen that when
the voltage increases (decreases), the selling price decreases
(increases); when the selling price decreases (increases), the
exporting power of the power station decreases (increases);
when the exporting power of the power station decreases
(increases), the voltage decreases (increases). The voltage
condition of the utility grid can be improved by adjusting the
output power of the power station.

The voltage deviation of the IEEE 30-node network for
Case 2 is presented in Fig. 15. It can be seen that in Case 2
(green colour), the voltage deviation of the IEEE 30-node
network is smaller than that in Case 1. It reveals that by
installing the power station, one can improve the voltage
condition of the utility grid network.

In addition, the dynamic hydrogen price strategy can guide
the vehicles refuelling and improve the traffic congestion of
the transportation network. The states of the transportation
network for Case 2 are the same as that in Case1C (Tab. I),
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Fig. 14. Voltage v.s. dynamic price v.s. power output in power station for
case 2.

Fig. 15. The voltage deviation of the IEEE 30-node network for case 2
(named as “dynamic price-power station” in the figure).

because the hydrogen price updating strategy is the same as
in Case1C-user-S1.

C. Simulation Results for Case 3

In Case 3 (Fig. 7), a power station is considered, the
difference is that in the microgrid, the hydrogen price is
adjusted based on the utility grid voltage and the traffic
congestion.

The voltage deviation of the IEEE 30-node network for
Case 3 is presented in Fig. 16. It can be seen that in Case 3
(pink colour), the voltage deviation of the IEEE 30-node
network is almost the same as that in Case 2. It shows that
by adjusting the exporting power of the power station and the
importing power of the refuelling station microgrids at the
same time, the utility grid voltage condition can be further
improved.

The states of the transportation network for Case 3 are
presented in Tab. II. It can be seen that in Case 3, the waiting
time is reduced by 16.03%, and the time loss is reduced by
11.62%. However, the reduced values are smaller than that
in Case1C-user-S1, this is because in Case 3, the hydrogen
price is adjusted based on the utility grid voltage and the
traffic congestion at the same time, and traffic congestion is
not the only consideration, which makes the adjustment of
the hydrogen price to the traffic flow even weaker. Thus, the
price guidance of the vehicles to improve traffic congestion
is worse than Case1C-user-S1, then the improvement of the

Fig. 16. The voltage deviation of the IEEE 30-node network for case 3
(named as “dynamic price-power station-MG” in the figure).

TABLE II
THE STATES OF THE TRANSPORTATION NETWORK FOR CASE 3

Fig. 17. The voltage deviation of the IEEE 30-node network for case 4
(named as “dynamic price-LSTM” in the figure).

TABLE III
THE STATES OF THE TRANSPORTATION NETWORK FOR CASE 4

traffic congestion of the transportation network is smaller than
Case1C-user-S1.

D. Simulation Results for Case 4

In Case 4 (Fig. 7), an LSTM network is adopted to train
the relationship between states (voltage, traffic flow) and the
price. Then, the trained LSTM network is deployed to adjust
the hydrogen price.

The voltage deviation of the IEEE 30-node network for
Case 4 is presented in Fig. 17. It can be seen that in Case 4 (red
square), the voltage deviation of the IEEE 30-node network is
almost the same as that in Case 3. It reveals that by finding
the mapping function between voltage/traffic flow and price,
and then adjusting the price through the mapping function, the
utility grid voltage condition can be improved effectively.

The states of the transportation network for Case 4 are
presented in Tab. III. It can be seen that in Case 4, the
waiting time is reduced by 14.93%, and the time loss is
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reduced by 10.43%. However, the reduced values are smaller
than that in Case 3, this is because in Case 4, the hydrogen
price is adjusted based on the trained LSTM network, and the
performance of the LSTM is mainly decided by the original
history dataset, thus the LSTM network should be carefully
designed.

V. CONCLUSION

In this paper, we focus on studying the real-time hydro-
gen refuelling of HFCEV through the coupled transportation
network and power system. A Sumo simulator is deployed
to model the HFCEV refuelling hydrogen. The hydrogen
refuelling station is modeled as a microgrid and aims to
minimize its operation cost. An IEEE 30-node network is
adopted to export energy to microgrids to produce hydrogen.
Renewable energy based power station is deployed to supply
renewable energy to the utility grid. At last, four different cou-
pled structures are deployed, and different HFCEV refuelling
strategies are compared.

Based on the above simulation results, some conclusions can
be concluded as follows: 1) with the dynamic hydrogen price,
the congestion of the transportation network is improved, the
waiting time is reduced by 17.71%, and time loss of the
network is reduced by 13.29%; 2) users’ behavior choosing
strategy has a big influence on the transportation network;
3) based on the long short-term memory network smart
decision strategy, the congestion of the transportation network
is improved, but the training performance should be carefully
designed.

The results demonstrate that by adjusting the hydrogen
price, the traffic congestion of the transportation network can
be improved, and by adjusting the power station exporting
power and the refuelling station importing power, the voltage
condition of the utility grid can be improved.
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