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Abstract: Hydrogen is considered to the ultimate solution to achieve carbon emission reduction
due to its wide sources and high calorific value, as well as non-polluting, renewable, and storable
advantages. This paper starts from the coastal areas, uses offshore wind power hydrogen production
as the hydrogen source, and focuses on the combination of hydrogen supply chain network design and
hydrogen expressway hydrogen refueling station layout optimization. It proposes a comprehensive
mathematical model of hydrogen supply chain network based on cost analysis, which determined
the optimal size and location of hydrogen refueling stations on hydrogen expressways in coastal
areas. Under the multi-scenario and multi-case optimization results, the location of the hydrogen
refueling station can effectively cover the road sections of each case, and the unit hydrogen cost
of the hydrogen supply chain network is between 11.8 and 15.0 USD/kgH,. Meanwhile, it was
found that the transportation distance and the number of hydrogen sources play a decisive role
on the cost of hydrogen in the supply chain network, and the location of hydrogen sources have
a decisive influence on the location of hydrogen refueling stations. In addition, carbon emission
reduction results of hydrogen supply chain network show that the carbon emission reduction per
unit hydrogen production is 15.51 kgCO, /kgH) at the production side. The CO, emission can be
reduced by 68.3 kgCO, /km and 6.35 kgCO, /kgHj, per unit mileage and per unit hydrogen demand
at the application side, respectively. The layout planning utilization of hydrogen energy expressway
has a positive impact on energy saving and emission reduction.

Keywords: coastal areas; hydrogen expressway; hydrogen refueling station; location layout; carbon
emission reduction

1. Introduction

In response to global climate change, it has become the consensus of all countries
to promote a clean and low-carbon transformation of energy [1]. As a clean, carbon-
free, and storable secondary energy, hydrogen is an important component of the energy
strategy of various countries and is regarded as an effective way to achieve carbon emission
reduction [2]. As the most relevant way of using hydrogen, hydrogen fuel cell vehicles
(HFCVs) have become a hot spot of general concern due to their high efficiency, long
battery life, green environmental protection, low noise, and flexible design [3]. With the
further development of technology and industry, hydrogen energy will play a crucial role
in achieving the “carbon peak” and “carbon neutral” goals [4]. Therefore, this paper is
concerned the design of coastal expressway hydrogen supply chain network based on
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offshore wind power production of green hydrogen and the location of hydrogen refueling
stations (HRSs). A discussion of the current situation and trend of hydrogen production,
especially the research of hydrogen supply chain network based on wind power, is offered.
Moreover, the paper reviews the main recent research topics related to the comprehensive
review of hydrogen refueling station planning. The purpose is to find out the future
development direction of green hydrogen and provide theoretical support for the planning
and construction of hydrogen supply chain in coastal areas.

1.1. Current Situation and Trend of Hydrogen Production

There are a wide range of sources of hydrogen worldwide, especially the conversion of
fossil energy to produce hydrogen, followed by pressure swing adsorption (PSA) purifica-
tion and the recovery of industrial by-product hydrogen, as well as the electrolysis of water
to produce hydrogen. Currently, of the 60 million tons of hydrogen produced annually in
the world, about 96% of hydrogen comes from the reforming of fossil fuels, which indirectly
causes a large amount of primary energy consumption and high emissions of greenhouse
gases such as CO; [5]. The remaining 4% of hydrogen is produced by electrolysis of water,
and only hydrogen obtained by electrolysis using low-carbon electricity can be regarded
as green hydrogen [6]. With the maturity of photovoltaic, wind, and other renewable
energy technologies, the technology of generating hydrogen from renewable energy has
been widely concerned in recent years, and research results and demonstration projects of
hydrogen production from renewable energy are also emerging [7]. Hydrogen production
by electrolysis of renewable energy can not only achieve a true zero-carbon hydrogen
source, but also effectively solve the green electricity consumption problem caused by the
intermittence of renewable energy. The randomness and volatility of renewable energy
increase the uncertainty of power generation and demand, leading to the existence of a
large number of abandoned wind and light phenomena. However, H; could support the
integration of renewable energy by redirecting abandoned energy sources, easing grid
congestion and improving the reliability of systems in remote areas [8]. Tang et al. [9]
presented a simple and transparent model for estimating the levelized cost of hydrogen
(LCOH) to investigate the effect of solar photovoltaic, wind, and combining solar photo-
voltaic and wind as the renewable input, as well as the alternatives of on-grid and off-grid
for hydrogen production. The results showed that using renewable energy to produce
hydrogen can effectively reduce LCOH. To sum up, hydrogen production by electrolysis
of renewable energy will gradually become the main trend of hydrogen production in the
future [10].

1.2. Hydrogen Energy Supply Chain Based on Wind Power

Among the many renewable energy power generation technologies, wind energy
is currently one of the most mature, large-scale, and most promising power generation
methods for commercial development. On the one hand, available wind energy is widely
distributed and abundant around the world; on the other hand, it has matured to be
amongst the lowest cost variable renewable energy technologies: onshore wind projects
have been developed with offtake agreements around 50-70 USD/MWh in the US, South
Africa, and Europe [11]. At the same time, with the continuous maturity of wind power
related technologies and equipment upgrading, the global wind power industry is devel-
oping rapidly, the wind power accounts for an increasing proportion in the global power
production structure year by year [12]. At present, the total wind power generation ac-
counts for about 5% of the global power generation [13]. China has become the world’s
largest wind power market in terms of both accumulated installed capacity and newly
installed capacity. Statistics in 2018 show that the total installed capacity of wind power
in China accounts for about 32.76% of the world’s installed capacity [14]. Among them,
according to the statistics of China Wind Energy Association, China’s offshore wind power
installed capacity has maintained rapid development, with an average annual growth rate
of more than 50% [15]. As a form of renewable energy hydrogen production, with the
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continuous expansion of offshore wind farms, coastal areas can rely on abundant offshore
wind power resources to produce green hydrogen and supply hydrogen fuel cell vehicles.
Using the model of wind-electric-hydrogen—fuel cell vehicle can effectively promote en-
ergy conservation and emission reduction. Based on this point of view, Kim et al. [16]
introduced an optimization method of hydrogen supply chain network planning relied
on wind-hydrogen supply system and presented a case study related to system optimiza-
tion design of Jeju Island, South Korea. Samsatli et al. [17] developed an optimization
model and designed a combined wind-hydrogen—electricity network to decarbonize the
transport sector in the United Kingdom. Taking a hydrogen refueling station located in
Shanghai as an example, in order to evaluate the feasibility of using renewable hydrogen as
fuel for HFCVS, Chen et al. [18] studied four low-carbon hydrogen energy supply routes.
Among the Routes, Route 4 adopts the external hydrogen supply route that hydrogen
is produced under the grid-connected photovoltaic and wind power generation mode
of Qinghai Province and transported to Shanghai by liquid hydrogen truck. The results
showed that Route 4 shows the best economic performance, both in hydrogen produc-
tion stage and the whole hydrogen supply chain. Again, taking Shanghai as an example,
Song et al. [19] proposed multi-hydrogen production methods and multi-transportation
routes by studying and analyzing the internal and external hydrogen sources in Shanghai,
and finally formed 12 hydrogen supply solutions according to local conditions. When the
price of wind power drops to a certain value, offshore wind power and hydrogen networks
will become Shanghai’s largest hydrogen supplier. For coastal areas, using offshore wind
power to produce hydrogen can be a reliable source of hydrogen supply. Hydrogen fuel cell
vehicles are currently the most efficient and easy-to-produce hydrogen energy application
technology [20], and hydrogen refueling stations ensure the fuel supply of hydrogen fuel
cell vehicles. Before the promotion of hydrogen energy vehicles, it is necessary to build a
network of hydrogen refueling stations of a certain scale.

1.3. Comprehensive Review of Hydrogen Refueling Station Planning

It is estimated that by 2030, there will be 15 million hydrogen fuel cell vehicles and
15,000 hydrogen refueling stations in the world [21]. As of the end of 2020, about 553 hy-
drogen refueling stations have been built globally, and 107 new hydrogen refueling stations
have been put into operation throughout the year. Among them, Germany, China, South
Korea, and Japan lead the world in the construction of hydrogen refueling stations, adding
14, 18, 26, and 28, respectively, throughout the year [22]. As far as China is concerned,
the number of hydrogen refueling stations completed at present is 127, of which 81 are in
operation, 13 are internal experimental stations, 32 are to be operated, and 1 is suspended.
Even though the construction of hydrogen refueling stations around the world is in full
swing, the number of hydrogen refueling stations still fails to promote the hydrogen fuel
cell vehicle industry [23]. On the contrary, the lagging hydrogen fuel cell vehicle industry
restricts the development of hydrogenation infrastructure such as hydrogen refueling sta-
tions, so that hydrogen refueling stations still face many challenges [24]. In view of this, a
reasonable site selection and layout of hydrogen refueling stations can not only make up
for the lack of hydrogen energy utilization infrastructure, but also have certain practical
significance for the country’s deployment of hydrogen energy networks. At present, many
scholars have conducted studies on the location of hydrogenation infrastructure such as
hydrogen refueling stations, and relevant studies are summarized in Table 1.

Starting from hydrogen demand in network nodes, some scholars combined with
classic location problems, including coverage problem [25] and p-median (or center) prob-
lem [26], to site hydrogen refueling stations and other facilities. Frade et al. [27] applied the
set covering problem (SCP) of point demand to study the location of hydrogen refueling
stations, and the proposed model was implemented in Lisbon and the location scheme was
evaluated. Hajari et al. [28] proposed a two-step modeling and solution of the maximal
covering location problem (MCLP), in which demand can be distributed in every corner
of the road network. They solved the problem of optimal resource allocation in down-
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town Pittsburgh by using both precise algorithm and heuristic algorithm. Liu et al. [29]
established a p-median model considering reliability and cost constraints by analyzing
queuing theory, route accessibility, cost constraints, and other factors in the study of location
selection of electric taxi charging stations, and tested and solved optimal schemes under
different reliability conditions under classical calculation examples. Nicholas et al. [30]
combined the p-median model with geographic information system and applied it to the
location of hydrogen refueling stations in California. Tatjana et al. [31] applied the colony
optimization algorithm to the p-center model containing the symmetric distance matrix.

Different from the above classical location problems, some scholars determined lo-
cation for hydrogen refueling stations and other facilities based on the flow demand of
road network. Corresponding models include flow-capturing location model (FCLM) [32]
and flow-refueling location model (FRLM) [33]. Hodgson et al. [34] combined the FCLM
with the greedy algorithm to locate the site of the hydrogen refueling stations in Edmon-
ton, Canada. To obtain the relationship between the sales of hydrogen fuel vehicles and
the number of hydrogen refueling stations, Li et al. [35] combined the generalized bass
diffusion model with the FCLM. To optimize the location of hydrogen refueling stations,
they solved the integrated optimization model by using the capacity constrained FCLM
algorithm and the solution process was designed. Kuby et al. [36] referred to the actual
road network data of Florida in the United States and optimized and solved the location
problem of hydrogen refueling stations in the road network, in order to test the feasibility of
the FRLM in the actual location study. Upchurch et al. [37] compared the solving effects of
p-median model and FRLM in solving the location problem of mixed fuel stations, proving
that FRLM is more suitable for solving the location planning problem of service facilities
with refueling capacity constraints.

Table 1. The summary of existing research literatures.

Reference Demand Type Model Type Facility Category Location Area
[27] Set covering problem Hydrogen refueling station City
[28] Maximal covering location problem Hydrogen refueling station City
[29] Point demand P-median model Charging station City
[30] P-median model Hydrogen refueling station State
[31] P-center model /

[34,35] Flow-capturing location model Hydrogen refueling station City
[36] Flow demand Flow-refueling location model Hydrogen refueling station State
[37] Flow-refueling location model Mixed fuel filling station City

[38,39] C hensi Comprehensive mathematical model Region
[40] orr;lpre ercllswe Optimization location model Hydrogen refueling station City

[41,42] eman Cost model City
[43] Flow-capturing location model Charging station
[44] Flow demand Optimization location model Charging station
[45] Flow-refueling location model Hydrogen refueling station Expressway

Comprehensive . .
[46,47] demand Cost model Hydrogen refueling station

Different from the location model that considers point demand and flow demand, some
scholars built a comprehensive mathematical location model for hydrogen refueling stations
by combining many factors in hydrogen production and application. Onur et al. [38]
established a mathematical programming model and integrated the production, storage
and transportation, security, location, and personnel allocation decisions, considering the
cost minimization. The results show that the proposed model can effectively solve the
problem of cover all areas. Li et al. [39] focused on establishing a mathematical model
covering the entire hydrogen supply network, combined the classic hydrogen supply chain
network design model with the hydrogen refueling stations’ location planning model, and
took a certain region in France as an example to demonstrate the feasibility of the model.
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Sungmi et al. [40] proposed an optimization model and took the adoption of hydrogen
fuel cell vehicles in Seoul by 2030 as the goal; they analyzed various scenarios of hydrogen
supply network design parameters. The optimization model can be effectively used to
determine the construction time and location of hydrogen production base and hydrogen
refueling station. Miralinaghi et al. [41,42] optimized the layout of hydrogen refueling
stations by reducing the construction cost of hydrogen refueling station network and the
time cost of vehicles used for hydrogenation.

Itis not difficult to see that the studies on planning layout and construction of hydrogen
refueling stations in the above literature are all concentrated in a certain city or region,
while there are few studies on location of hydrogen refueling stations with expressways as
the background. To some extent, relatively mature charging stations have certain reference
significance for the location research of expressway hydrogen refueling stations. Compared
with the hydrogen fuel cell vehicle industry, the electric vehicle industry is relatively
mature, and there are abundant literatures on expressway charging stations. Pevec et al. [43]
studied the charging stations problem of FCLM on expressways. In his model, the nodes
on the expressway were classified, the entrances and exits were set up by default, and
the service area was taken as the alternative center for station construction. Finally, a
real expressway network was used to verify the effectiveness of the model and algorithm.
Hoon et al. [44] transformed the flow demand problem into the combinatorial optimization
problem of the passage in the path section by putting forward the assumption of the passage
between nodes. Based on this, they constructed the combinatorial optimization model of
the coverage of the path section of the charging station and applied it to solve the multi-
stage location optimization problem of the charging station in South Korea. For the study of
expressway hydrogen refueling stations, Zhao et al. [45] introduced a modeling framework
of hydrogen refueling stations system positioning based on path, multi-scale, and scene
planning. The method was based on the FRLM and the expressway traffic flow capture
method to better conduct detailed geographical optimization of this multi-scale location
planning problem. Sun et al. [46] realized the planning layout of Hu-Ning expressway
hydrogen refueling station from Shanghai to Nanjing in China relied on the life cycle cost
of hydrogen supply chain. In his model, multi-source hydrogen supply and life cycle
cost were taken into account, and the locations of five hydrogen refueling stations on the
expressway were ultimately determined. Hamidreza et al. [47] studied the distribution
of hydrogen supply chain network in Canada’s hydrogen corridor. Through the research,
Hamidreza discussed the layout and distribution of hydrogen supply chain network in
five scenarios under different market share rates of hydrogen fuel cell vehicles. Among the
scenarios, in the case that hydrogen fuel cell vehicles account for 5% of the market, the cost
per unit of hydrogen used in the hydrogen supply chain network of the whole section is
14.7 USD/kgH,.

1.4. Research Motivation

In the early stage of hydrogen fuel cell vehicle penetration into the market, the con-
struction of infrastructure such as hydrogen refueling station is very important [47]. For
hydrogen fuel cell vehicle to be accepted by the public, on the one hand, supporting infras-
tructure such as hydrogen refueling station needs to be followed up, and on the other hand,
hydrogen energy road network needs to be improved, and the construction of hydrogen
energy road network needs to start from the hydrogen expressway. As the inter-city traffic
fortress, the expressway network is indispensable, and it is not hard to see from the above-
mentioned literature on hydrogen refueling station locations that the current research on
expressway hydrogen refueling stations is still very scarce. Regardless of whether it is
from the view of point demand, starting from the flow demand model or constructing a
comprehensive mathematical location model of hydrogen refueling station, most scholars
mainly focus on a certain area or a certain city within the scope of the hydrogen refueling
station and other infrastructure location, and the model is not universal. Although the
location of hydrogen refueling stations on expressways can refer to the research on the site
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selection of charging stations to some extent, due to the essential differences in energy types
and charging methods [48], the location of hydrogen refueling stations, especially because
of the coastal expressway hydrogen source is based on offshore wind power generation,
which still has far-reaching significance and practical application value. In addition, con-
sidering the geographical characteristics of coastal areas and the types of hydrogen sources,
the research on the scientific layout of hydrogen refueling stations on coastal hydrogen
expressways is innovative.

1.5. Content and Research Contributions

This paper relies on the increasingly mature and fast-developing offshore wind power
as a reliable source of green hydrogen. On the basis of hydrogen expressway construction
in coastal areas, we establish a general comprehensive mathematical location model for hy-
drogen refueling stations on expressways and conduct scientific site location for hydrogen
refueling stations on hydrogen energy expressways along the coast. Specifically, the paper
combines the design of hydrogen supply chain networks in coastal areas with the location
of hydrogen refueling stations on expressways. The model aims at minimizing the cost of
hydrogen use in the hydrogen supply chain network and fully considers factors such as
road section hydrogen demand, hydrogen production, hydrogen storage and transporta-
tion, and hydrogen refueling station refueling methods. The hydrogen cost of each link
in the hydrogen supply chain is used as the model input. The hydrogen demand of the
road section limits the scale and number of hydrogen refueling stations, and the mileage
of hydrogen fuel cell vehicles restricts the station distance of hydrogen refueling stations.
Finally, with the help of optimization algorithm, the optimal location of hydrogen refueling
stations on coastal hydrogen energy expressways can be determined, and the carbon emis-
sion factor method [49] can be used to calculate the carbon emission reduction potential of
the hydrogen supply chain network. Then, the northeast, east, and southeast coastal areas
of China are selected as examples of coastal hydrogen energy expressways for the layout of
hydrogen refueling stations along the route, and carbon emission reduction calculations
are carried out on the hydrogen production and application sides of the hydrogen supply
chain network of each case section.

The contribution of the article is mainly that the constructed model can be used to help
a certain expressway network in a certain area to transform a traditional car into a hydrogen
fuel cell vehicle in the early transition plan. It could propose a solution for the infrastructure
dilemma caused by the initial use of hydrogen as a fuel in the general market. Feasible
solutions provide impetus for economic transformation and carbon emission reduction
in coastal areas and at the same time have certain guiding significance for promoting the
development of the hydrogen energy industry.

2. Methodology
2.1. Model Modeling Concept

The supply of hydrogen can be divided into two stages: from hydrogen source to
hydrogen refueling station and from hydrogen refueling station to consumer. Whether it
is a location model starting from point demand or starting from flow demand, the model
starts from the hydrogen refueling station to the consumer stage, and the consideration is to
minimize the hydrogen refueling distance or maximize the service volume of the hydrogen
refueling station. At the stage from the hydrogen source to the hydrogen refueling station,
it is necessary to fully consider many factors, such as the hydrogen production, storage
and transportation, and the refueling method of the hydrogen refueling station, because
these factors will affect the economical layout of the hydrogen refueling station. Therefore,
in order to improve the economics of planning layout about hydrogen refueling station,
this paper incorporates optimization of the stage of hydrogen from hydrogen source
to hydrogen refueling station. Combining the hydrogen supply chain network design
with the site selection of hydrogen refueling stations on expressways, the model aims
to develop a mathematical method that fully considers hydrogen production technology,
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storage and transportation methods, and refueling methods of hydrogen refueling stations.
With the goal of minimizing the total cost of the hydrogen supply chain network in the
expressway section, it is used for the main deployment of hydrogen refueling stations along
the expressway, including the size and location of the hydrogen refueling stations.

2.2. Hydrogen Energy Chain for Coastal Areas

Coastal areas are rich in offshore wind power resources. Relying on offshore wind
power, can produce clean, low-carbon, and reliable green hydrogen to supply hydrogen to
hydrogen refueling stations on hydrogen expressways in coastal areas, thus constructing a
complete expressway hydrogen supply chain network.

Figure 1 summarizes the entire process of offshore wind power production and hy-
drogen supply in the coastal expressway hydrogen supply chain network. Wind energy
supply chain process as follows. Coastal wind resources are converted into green electricity
through offshore wind farms, and the generated electricity is directly used for hydrogen
production by electrolysis or transported to central hydrogen production facilities for
hydrogen production. Hydrogen supply chain process considers the typical hydrogen
production, storage and transportation, and hydrogen refueling station refueling process.
Since the model only considers the stage of hydrogen from the hydrogen source to the
hydrogen refueling station, the cost of the offshore wind power generation process is not
considered in the model. The model construction starts from the hydrogen supply chain
process and is mainly divided into three parts about hydrogen production, storage and
transportation, and refueling. This consideration makes the model applicable to different
sources of hydrogen and is more universal.

Hydrogen source strategy | —

—> Electricity

—> Hydrogen

—| Hydrogen supply chain strategy

¥

Figure 1. Hydrogen supply chain flow diagram.

2.3. Modeling of Hydrogen Refueling Station Location Factors

From the above description, the hydrogen supply chain process mainly includes
three parts: hydrogen production, hydrogen storage and transportation, and hydrogen
refueling station filing. Each part involves different applicable conditions and technical
methods. For example, the hydrogen production process can use traditional fossil energy
reforming to produce hydrogen or renewable energy power generation and electrolysis
to produce hydrogen. The storage and transportation process of hydrogen can use high-
pressure gaseous hydrogen storage and transportation or low-temperature liquid storage
and transportation [50,51], etc. There are also two types of refueling methods for hydrogen
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refueling stations: 35 MPa and 70 MPa, which are currently commonly used in China. These
factors can be selected according to the specific application scenarios of hydrogen energy,
and different choices and combinations will affect the final hydrogen cost of the hydrogen
supply chain network. Therefore, the model starts from the total cost of hydrogen in the
hydrogen supply chain network of the expressway and divides the total cost C of hydrogen
in the hydrogen supply chain network into three aspects: the production cost of hydrogen
Cp, the storage and transportation cost of hydrogen Cgr, and the cost of hydrogen refueling
station Cp. The specific expression is shown in Formula (1):

C=Cp+Cst+Cx (1)

The application scenarios and technical methods of different components will be used
as the key input of the corresponding part of the cost. The relevant expressions are analyzed
as follows:

1.  The production cost of hydrogen Cp

In order to understand the approximate cost of hydrogen production and to un-
derstand the markets in which hydrogen is competitive, the measurement of LCOH is
critical [52]. Many papers have discussed the approach of calculation of LOCH and
NPV (the net present value) [52-55]. The determination of LCOH is performed following
Equation (2).

anl Iy + M} + F

t T
LCOH = — 117 ?)
=1y

where ¢t stands for the year; r and n are the discount rate and the lifetime of the project,
respectively; I; is the expenditures in year t; M; stands for the OPEX and the adjusted share
of the decommissioning costs in year f; F; is the expense relative to the electricity costs; and
E; refers to the total hydrogen production in year .

In this paper, the production cost of hydrogen is related to the capacity of the hydro-
gen source, the technology of hydrogen production, and the daily refueling capacity of
hydrogen refueling station. Different production technologies have different cost-economic
indicators. The hydrogen production analysis model (H2A) developed by the National
Renewable Energy Laboratory [56] can take the economic indicators of different production
technologies as input. In this model, the LOCH of the hydrogen supply chain network
is included in the calculation process of the H2A, and the corresponding unit hydrogen
production cost is calculated, combined with the design scale of the hydrogen refueling
station, so the hydrogen production cost can be obtained, as shown in Formula (3):

szzzpjxwij (3)

ieN jeM

where i and j are the indexes of hydrogen refueling station and hydrogen source, respec-
tively; N and M are the sets of hydrogen refueling station and hydrogen source, respectively;
Cp is the production cost of hydrogen; p; is the unit cost of hydrogen production of hydro-
gen source j (USD/kgH»); and w;; is the mass of hydrogen supplied by hydrogen source j
to hydrogen refueling station i (kg).
2. The storage and transportation cost of hydrogen Cgr

The cost of hydrogen storage and transportation is directly related to its storage and
transportation method, transportation distance, and refueling capacity of station. Similar
to the above-mentioned hydrogen production cost, different transportation methods have
different cost-economic indicators, which are used as the key input of the calculation model.
The expression of cost about hydrogen storage and transportation in the model is shown in

Formula (4):
Cst =) ), cij X wjj 4
iENjeM
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where Cgr is the cost of hydrogen storage and transportation, ¢;; is the unit cost about stor-
age and transportation of hydrogen source j to hydrogen refueling station i (USD/kgH>),
and the specific result of ¢;; is based on the distance d;; between hydrogen source j and
hydrogen refueling station i (km), the cost index of transportation is A [57,58], and the
cost index B of hydrogen storage and transportation is obtained through the hydrogen
distribution scenario analysis model (HDSAM) [59] that is combined with the input of the
economic indicators of the corresponding transportation mode. See Formulas (5)—(7):

Ci]':AXdi]'—FB 5)
- 2length

A= f,x mpg /1 (6)
dij: |xi—x]-|+d (7)

where f), is the unit price of the fuel used by the vehicle (USD/L), length is the length of the
transport path (km), mpg is the fuel economy of the transport, I, is the hydrogen carrying
capacity of the transport (kg), x; is the plus coordinates (x;, y;) corresponding to hydrogen
station i, x; is the transport node coordinates (x;, y;) corresponding to hydrogen source j,
and d is the distance between the transport node and hydrogen source j (km).

3. The cost of hydrogen refueling station Cy

The cost about hydrogen refueling station is related to the refueling pressure, hydrogen
refueling efficiency, hydrogen refueling capacity, and other factors. Through the hydrogen
distribution scenario analysis model, combined with the key parameters of hydrogen
refueling station’ refueling pressure, efficiency, etc., the hydrogen refueling station cost per
unit hydrogen can be obtained. The expression is shown in Formula (8):

CuH= )Y, cuixwj (8)
ieN jeM

where Cp is the cost about hydrogen refueling station, and cy; is the unit hydrogen refueling
station cost (USD/kgHo).

2.4. Location Model of Expressway Hydrogen Refueling Station

Combining the hydrogen refueling station location factor modules modeled by the
above parts, with the goal of minimizing the total cost of hydrogen used in the hydrogen
supply chain of the entire road section, a comprehensive mathematical model of expressway
hydrogen refueling station location is obtained as follows:

Minimize C = Z Z pj X wjj + Z Z(Axdi]-+B) X Wjj + Z Z Chi X Wij 9)
ieNjeM iENjeM ieN jeM

Constraint conditions:

Y wij <L (10)
ieN
Y wij < w; (11)
jeM
Y wi>D (12)
ieN
Y Li>) w (13)
jEM iEN
diiy1 <200 (14)

where L; is the daily maximum production capacity of hydrogen source j (kgH/d), w;
is the daily refueling capacity of hydrogen refueling station i (kgH,/d), D is the total
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hydrogen demand of expressway section (kgH,/d), and d;;; is the distance between
adjacent hydrogen refueling stations.

Among the constraints, Constraint (10) ensures that the hydrogen demand of each
station from the same hydrogen source does not exceed the maximum capacity of the
hydrogen source. Constraint (11) ensures that the hydrogen purchase of each station from
different hydrogen sources does not exceed its own capacity. Constraint (12) ensures that
the capacity of all hydrogen refueling stations meets the total hydrogen demand of the
road section. Constraint (13) ensures that the capacity of all hydrogen refueling stations
does not exceed the capacity of all hydrogen sources. According to the cruising range of
hydrogen fuel cell vehicles, Constraint (14) limits the maximum distance between two
adjacent stations cannot exceed 200 km. In general, the constraint on hydrogen demand
restricts the scale and number of hydrogen refueling stations in the whole section. The
limitation of the mileage of hydrogen fuel cell vehicles restricts the construction distance of
each hydrogen refueling station in the section of the road and then determines the location
of hydrogen refueling station, while ensuring the full coverage of the hydrogen supply of
the road section and the convenience of hydrogenation behavior.

2.5. Location Model Assumptions and Applicable Conditions

Based on the construction of the above comprehensive mathematical model for site
selection, the assumptions and applicable conditions are explained as follows. (1) The
expressway is directional and irreversible in one direction. (2) When the driver misses a
hydrogen refueling station, he needs to drive to the next station to complete the refueling
behavior. (3) When hydrogen fuel cell vehicles perform hydrogenation, the hydrogen
capacity should not be less than 50%; that is, the distance between adjacent hydrogen
refueling stations should not be more than half of the mileage of hydrogen fuel cell vehicles.
In this paper, the hydrogen fuel cell vehicle takes the Chinese domestic brand Roewe 950
as an example, and its cruising range refers to the data in Table 2. (4) Averages the traffic
volume and hydrogen demand per kilometer of the road section. (5) Does not consider
seasonal and hourly hydrogen demand and changes in hydrogen supply. (6) The influence
of geographical climate and weather factors on the design and construction of hydrogen
supply chain network is not considered. (7) The model is suitable for the initial stage
of hydrogen expressway network construction. (8) The hydrogen production method,
storage and transportation technology, and hydrogen refueling station filling method can
be adjusted according to the actual optimization situation.

Table 2. Summary of key parameters of hydrogen demand.

Parameters Title 2 Value
Total expressway length (km) 274
The market share of HFCVs (%) 5
Roewe950 single hydrogenation (kg) 42
Roewe950 Range (km) 430
The total hydrogen demand (kgH,/d) 2681

The comprehensive mathematical model for the location of hydrogen refueling stations
on the expressway takes into account the overall optimization factors in the hydrogen
supply chain network and reduces the actual variables as much as possible, thus reducing
the difficulty of the solution. Finally, the MATLAB calculation tool is used, and the particle
swarm algorithm (PSO) is used to optimize the solution. In addition, although the location
model developed in this paper is applied to the case of coastal hydrogen expressway
hydrogen refueling station selection based on hydrogen production from offshore wind
power as hydrogen source, this model is also applicable to inland areas and other scenarios
of hydrogen supply mode, as only corresponding parameters need to be changed. The
model can adjust the key parameters of the input model in combination with specific
application scenarios and hydrogen production and storage and transportation technology.
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Therefore, it can be applied to the location of expressway hydrogen refueling stations under
different conditions and has certain applicability.

2.6. Carbon Emission Reduction Estimation

The use of offshore wind energy resources to generate hydrogen can greatly reduce
the emission of CO, and other greenhouse gases from the hydrogen production side. The
application of green hydrogen in hydrogen fuel cell vehicles can greatly reduce the use of
fossil energy such as gasoline in the transportation field, thereby reducing CO, emission
and achieve emission reduction [60]. As for the research on the relationship between
renewable energy production and use of hydrogen and carbon emissions from the process,
Silvestri et al. [61] did the following work: they proposed an incentive strategy based on
the economic valorization of the avoided CO; eq resulting from the proposed hydrogen
pathway in comparison to the gasoline one to ensure that the economic sustainability of
the on-site hydrogen refueling stations powered by grid-connected solar plants. Similarly,
different from the mode of using photovoltaic field hydrogen production and supply hydro-
gen refueling station, and in order to explore the positive impact of hydrogen production
from offshore wind power and hydrogen energy utilization on the environment, in addition
to considering the hydrogen cost of the expressway hydrogen supply chain network, the
carbon emission reduction analysis of the hydrogen production and application sides in
the hydrogen supply chain network was also introduced into the calculations in this paper.
The carbon emission factor method is used for calculation, and the specific formula is
as follows:

Eco2 = Mf X EFf,COZ (15)

where Ec, is the CO; emission (kg), My is the fuel consumption (kg), and EFy co, is the
CO, emission factor of the consumed fuel. The carbon emission factors of different fuels
can be inquired through the “2006 IPCC National Greenhouse Gas Inventory Guidelines”
and “China Energy Statistics Yearbook 2019” issued by the National Bureau of Statistics of
China [62,63].

Regarding the carbon emission calculation of the hydrogen production side, the
electricity consumed by the electrolysis of offshore wind power to produce unit hydrogen
is converted into the equivalent amount of electricity produced by traditional fossil fuels.
The specific formula is as given in Formula (16):

Mc = My X PH X mc (16)

where M is the mass of standard coal consumed by traditional thermal power generation
(kg), Mp is the amount of hydrogen produced by offshore wind power (kg), py is the wind
power consumed per unit of hydrogen production (kWh/kgH,), and m is the standard
coal mass consumed per unit of electricity production (0.1229 kg /kWh). Therefore, Formula
(15) is used to calculate the CO, released by the application of traditional fossil fuels under
the same amount of electricity, and in contrast, the CO; emission reduction of hydrogen
production through the electrolysis of offshore wind power can be understood.

For the carbon emission measurement of the hydrogen application side, the hydrogen
demand on the road section is converted into the gasoline demand through the conversion
of the calorific value of hydrogen fuel and gasoline [64], the specific formula is as given
in Formula (17). Furthermore, according to the carbon emission factor of gasoline, com-
bined with Formula (15), the CO, emission reduction at the hydrogen application side

is calculated.
o MH X LHVH

Mg = LHV
where Mg is the mass of gasoline (kg), LHVp is the lower heating value of hydrogen
(119.9 MJ /kg [65]), and LHV}; is the lower heating value of gasoline (43.4 M]/kg [66]).

Based on Formulas (15)-(17), carbon emission reduction can be calculated for the
hydrogen production side and the road section application side of the expressway hydrogen

(17)
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supply chain network. The process of hydrogen storage and transportation, whether it
is transporting hydrogen in long tube trailers or storing hydrogen in hydrogen storage
tanks, is a process of energy consumption and increased carbon emissions. This chapter
discusses the reduction of CO, emissions by hydrogen energy utilization. Therefore, the
hydrogen storage and transportation process of the hydrogen supply chain network does
not consider and calculate carbon emission reduction.

3. Method and Model Validation

The validation of model selects the China Shanghai-Nanjing Expressway section in
the literature [46] and combines the hydrogen refueling station location comprehensive
mathematical model constructed to carry out the hydrogen refueling station layout. It
compares the cost results with the results of 14.7 USD/kgH, per unit hydrogen cost in
the case of the 5% hydrogen fuel cell vehicle market share in the hydrogen supply chain
network of the whole road section in the literature [47]. The results are compared to verify
the effectiveness of the constructed location model, and finally the carbon emissions of the
hydrogen supply chain network are calculated. The model calculation framework is shown
in Figure 2. The model uses the statistical data of expressway sections and the economic
parameters involved in hydrogen supply chain process as input. It combines with the
hydrogen demand and station construction distance that affect the layout of hydrogen
refueling stations, the hydrogen refueling stations along the expressway are optimized
with the help of MATLAB and optimization algorithms, and finally the hydrogen refueling
station layout plan is obtained. At the same time, the carbon emission factor method is used
to calculate carbon emission reductions on the hydrogen production side and application
side of the hydrogen supply chain network.

[ Dioxide emissions ]

_’ Traffic data ‘

i

[ Estimation of road hydrogen demand ]

Economic data
H2A Hydrogen demand constraint
HDSAM

i

Hydrogen production cost

Hydrogen storage and transportation costs

Optimized result
Size & Location

Hydrogen refueling station cost

[ The range of hydrogen fuel cell vehicle ] — Station distance constraint

Figure 2. Methodology flowchart of the location model of expressway hydrogen refueling station
and carbon emission reduction estimation.

3.1. Expressway Model Verification Input

The Shanghai-Nanjing Expressway has a total length of 274 km and has six service
areas in total. The service area has gas station locations that can be used as candidate
locations for hydrogen refueling stations [67]. Taking Shanghai, the starting point of
Shanghai-Nanjing Expressway, as the origin of the coordinates. We take the “straightened”
direction from Shanghai to Nanjing as the positive direction of the x-axis and rotate the
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x-axis 90 degrees clockwise as the positive direction of the y-axis to establish a coordinate
system [46]. Thus, the hydrogen source and the location of the hydrogen refueling sta-
tion can be expressed in coordinate form. The by-product hydrogen of the chlor-alkali
industry can be used as a low-cost hydrogen production method. The hydrogen produc-
tion cost of large-scale advanced chlor-alkali plants can be controlled within the range of
2.5 USD/kgH, [68], so chlor-alkali companies along the Shanghai-Nanjing Expressway
are selected as reliable sources of hydrogen. The condition of the road section and the
distribution of service areas and hydrogen sources are shown in Figure 3.

r\ipapjmg - N = ) Hydrogen source 2

99 0

W
A 1)
4 /
® o-opoint
Q) /Hydrogen source

O/ service Area Huning Expressway:
=—= Expressway Shanghai - Nanjing

O 'Hydrogen source 1

Shanghai

4

20km

Figure 3. Schematic of expressway and service area and hydrogen source distribution. (Note: This
map is made based on the standard MAP GS (2021) 6375 of AmAP, and the base map is not modified).

Based on the research content and optimized scene data of reference [47], assuming
that the market share of hydrogen fuel cell vehicles reaches 5%, the hydrogen demand for
road sections is calculated based on the Chinese domestic hydrogen fuel cell vehicle Roewe
950 [69]. Other propulsion systems are not considered in this calculation. High-pressure
hydrogen transportation is the current main method of hydrogen transportation [50]. The
HDSAM model can estimate the cost of hydrogen storage and transportation and the cost
of hydrogen refueling stations with different capacities (500 kgH,/d, 800 kgH,/d, and
1000 kgH, /d). Combining the relevant data from the literature [46], as the key input of the
model, the hydrogen demand, the location of the hydrogen source, and the cost information
of each part of the hydrogen supply chain are summarized in Tables 3 and 4.

Table 3. Summary of location of hydrogen sources.

Hydrogen Source Location of Hydrogen Distance between Transport Node and
Source (km)—Abscissa Hydrogen Source (km)—Ordinate
Source 1 108 48
Source 2 185 27

Table 4. The summary of results about hydrogen-related cost.

Daily Refueling Capacity (kgH»/d) 500 800 1000

Daily refueling capacity (kgH,/d) 25 2.5 2.5
Hydrogen production cost (USD/kgH5) 4.59 4.35 4.21
Hydrogen storage and transportation cost index B 292 3.04 2.69

3.2. Expressway Model Verification Results and Analysis

In order to meet the hydrogen demand of the road section, the Shanghai-Nanjing
expressway hydrogen supply chain network is divided into two optimization scenarios.
One is single hydrogen source hydrogen supply, with single hydrogen refueling station
capacity. The other is dual hydrogen source hydrogen supply, with multiple hydrogen
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refueling station capacity. Combining the above key parameters input, the calculation of
the model is realized by the optimization algorithm. In the two scenarios, four and five
stations are optimized, respectively. The specific distribution of hydrogen refueling stations
is shown in Figure 4, and the calculation results are shown in Table 5.
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Nanjing
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\ 4
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Figure 4. Schematic of specific distribution of hydrogen refueling stations. (Note: This map is
made based on the standard MAP GS (2021) 6375 of AmAP, and the base map is not modified). S1:
Schematic of specific distribution of hydrogen refueling stations of Scenario 1. S2: Schematic of
specific distribution of hydrogen refueling stations of Scenario 2.

Table 5. Summary of hydrogen sources and hydrogen refueling stations.

. . . Total Cost of Unit Cost of
. Daily Refueling Location of
Scenario Capacity(keH,/d) HRS (km) Hydrogen Source = Hydrogen Supply Hydrogen Supply
pacitytkgta Chain (USD/d) Chain (USD/kgH,)
37.8
924
S1 800 143.0 Hydrogen source 1 50,625.399 15.8
195.2
500 69.6
500 1142 Hydrogen source 1
S2 500 156.3 39,909.963 13.3
1000 196.5 Hydrogen source 2
500 238.5

From the calculation results of the above location and the schematic diagram of the
hydrogen refueling station layout, it is not difficult to see that in the two scenarios, the
road sections are optimized to build four and five stations, respectively. In scenario 1, the
hydrogen supply chain network of the road section is supplied by hydrogen source 1, and
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the optimized hydrogen refueling stations are more evenly distributed throughout the
expressway section. Among them, stations 3 and 4 are located close to the service area,
and the service area has been previously used as a candidate site to be built. Therefore,
it is possible to consider arranging stations 3 and 4 in existing service areas to improve
land utilization and reduce costs. In scenario 2, the hydrogen supply chain network of
the road section supplies hydrogen from two hydrogen sources, hydrogen source 1 and
hydrogen source 2, where stations 1-2 are supplied by hydrogen source 1, and stations
3-5 are supplied by hydrogen source 2. The optimized hydrogen refueling station better
covers the entire expressway. Similar to scenario 1, stations 3 and 4 can also be directly
deployed in existing service areas. In addition, in the two scenarios, the unit hydrogen cost
of the hydrogen supply chain network is 15.8 USD/kgH; and 13.3 USD/kgHy, respectively,
which is the same as the cost per unit of hydrogen (14.7 USD/kgH,) in the hydrogen
supply chain network in the hydrogen corridor under the condition that the market share
of hydrogen fuel cell vehicles is 5% in literature [47]. The relative errors are 7.5% and
9.5%, respectively.

Since the hydrogen source used in the selected expressway section is hydrogen by-
product from the chlor-alkali industry, this process cannot achieve zero emissions from
the hydrogen source. Therefore, the carbon emission reduction calculation of the hy-
drogen supply chain network only considers the hydrogen application side. Combining
Formulas (15)-(17), it is calculated that the daily CO, emissions that can be reduced by
the hydrogen application side of the Shanghai-Nanjing Expressway is 17.0 tons, the CO,
emissions per unit mileage of the expressway section can be reduced by 62.04 kgCO, /km,
and the unit hydrogen demand can reduce the CO, emissions is 6.34 kgCO, /kgH5.

Based on the verification results of the above case, the comprehensive mathematical
location model for expressway hydrogen refueling station constructed in this paper can be
used as an effective method for studying the location of hydrogen refueling station and
carbon emission reduction calculation.

4. Hydrogen Refueling Station Layout along the Coast Expressway

China’s long and narrow coastline and abundant offshore wind power resources pro-
vide ample hydrogen source guarantee for the construction of hydrogen refueling stations.
At the same time, the coastal areas are the most prosperous and active areas of China’s
economy, as well as the most complete areas of China’s modern integrated transportation
system, and it is also the most urgent area in China for energy conservation, emission
reduction, and transformation of economic development mode [70]. Therefore, relying
on the increasingly mature offshore wind power industry to produce green hydrogen,
promoting the demonstration construction of hydrogen expressways in coastal areas and
the scientific layout of hydrogen refueling stations along the route will play a positive role
in the development of hydrogen energy for the coastal areas and the popularization of
hydrogen fuel cell vehicles.

4.1. Case Description of Coastal Expressways

Several expressways in the northeast, east, and southeast coastal areas of China are
selected as hydrogen refueling station optimization cases. They are the Dalian-Dandong
section of the He-Da Expressway, and the Dalian-Yingkou section, the Jiangsu section, and
the Guangdong section of the Shen-Hai Expressway, respectively. The specific distribution
of the case expressways in the coastal areas of China is shown in Figure 5. Combining
the mathematical model of hydrogen refueling station site selection and the main input
parameters of each part of the hydrogen supply chain network in this study, the key
description is given. In the case, the site selection and layout optimization of hydrogen
refueling stations along the expressway are carried out, and carbon emission reduction
calculations are carried out on the hydrogen production and application aspects of the
hydrogen supply chain network.
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Figure 5. Diagram of case distribution to be optimized (Note: This map is made based on the standard
MAP GS (2021) 6375 of AmAP, and the base map is not modified).

The technical route of the hydrogen energy industry chain in coastal areas is shown
in Figure 6. Offshore wind power is transmitted to hydrogen energy distribution points
via submarine cables, and hydrogen is produced by hydrogen production using proton
exchange membrane electrolyzed water (PEM). The PEM uses a solid proton exchange
membrane to replace the liquid electrolyte and diaphragm in the traditional alkaline
electrolysis of hydrogen (AWE) technology. It can separate hydrogen and oxygen, ensure
the purity of the product, and have current density large, high electrolysis efficiency, no
pollution, dense structure, small size, etc. The PEM also can quickly change load, short
response time, and good matching with photovoltaic and wind power (the randomness and
volatility of power generation) [71]. As an important link between offshore wind power
facilities and onshore hydrogen production facilities, hydrogen distribution points assume
the role of indirect hydrogen source and also the starting point of hydrogen transportation.
The hydrogen produced by the hydrogen energy distribution point is transported to the
hydrogen refueling station in a high-pressure gaseous state through a long tube trailer [50]
for the refueling of hydrogen fuel cell vehicles. Therefore, the hydrogen supply chain in
coastal areas that relies on offshore wind power starts with hydrogen production at the
hydrogen energy distribution point and ends with the refueling and use of hydrogen fuel
cell vehicles. The relevant calculations of the model also start from the hydrogen production
of the hydrogen energy distribution point.
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Figure 6. Technical route diagram.

4.2. Hydrogen Demand Estimation for Coastal Expressway Sections

As a key input, the estimation of hydrogen demand is an important part of the prepara-
tory work for the location optimization of hydrogen refueling stations. The estimation of
hydrogen demand mainly depends on key parameters such as the daily average vehicle
mileage per kilometer of expressways, fuel economy, and market share of hydrogen fuel
cell vehicles. According to data from the Ministry of Transport, in 2019, the total mileage
of national expressways was 149,600 km, the annual average daily traffic flow of national
expressways was 27,936, and the annual average daily driving volume was 1478.26 million
veh.km. The average daily vehicle mileage per kilometer reached 9881.4 veh.km/km/d [72].
According to forecasts by authoritative organizations, by 2030, the sales of fuel cell vehicles
in the commercial vehicle and passenger vehicle sectors are expected to account for 7%
and 3%, respectively [73]. Therefore, the cases of this paper take 2030 as the time node,
assuming that the average daily vehicle mileage per kilometer of expressway will reach
20,000 veh.km/km/d, and the market share of hydrogen fuel cell vehicles will reach 5%
(consolidated as passenger cars). Taking China’s domestic hydrogen fuel cell vehicle Roewe
950 as the standard, the main parameters of the coastal hydrogen expressway sections in
each case are summarized in the Table 6.

Table 6. Relevant parameters of hydrogen demand for expressways.

Parameters Value
The market share of HFCVs (%) 5
Roewe950 single hydrogenation (kg) 42
Roewe950 Range (km) 430
Average daily vehicle mileage per km of expressway (veh.km/km/d) 20,000
Total expressway length of Dalian-Dandong (km) 300
The total hydrogen demand of Dalian-Dandong (kgH;/d) 2930
Total expressway length of Dalian-Yingkou (km) 220
The total hydrogen demand of Dalian-Yingkou (kgH;/d) 2368
Total expressway length of Jiangsu (km) 335
The total hydrogen demand of Jiangsu (kgH, /d) 3605
Total expressway length of Guangdong (km) 175

According to the above parameters, hydrogen fuel cell vehicles consume 194 kg/km/d
of hydrogen per kilometer. Based on the market share of hydrogen fuel cell vehicles and
the total mileage of the road section, the hydrogen demand for the entire road section is
estimated, respectively. The total hydrogen demand for the Dalian-Dandong section is
2930 kg/d. The total hydrogen demand for the Dalian-Yingkou section is 2368 kg/d. The
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total hydrogen demand for the Jiangsu section is 3605 kg /d. The total hydrogen demand
for the Guangdong section is 1883 kg/d.

4.3. Hydrogen Production Cost

To evaluate the unit production cost of hydrogen, the case used the H2A model
developed by the National Renewable Energy Laboratory [56]. Taking the centralized PEM
electrolyzed water with a daily hydrogen production of 5000 kg as an example to calculate
the per unit production cost of hydrogen. The relevant information of the PEM electrolyzer
and the calculation results of per unit hydrogen production cost are shown in Table 7. The
method, scale, and cost of hydrogen production from hydrogen sources of various coastal
hydrogen expressways are all based on Table 7.

Table 7. Economic parameters of PEM and cost result.

Parameters Value
Hydrogen production scale of hydrogen source (kgH, /d) 5000
Cost of equipment (USD/kW) 233.61
Power consumption (kWh/kgH,) 51.3
Electricity Price (Offshore Wind Power) (USD/kWh) 0.04
Stack life (years) 10
Total cost of hydrogen production (USD/kgHy) 3.02

4.4. Hydrogen Storage, Transportation, and Hydrogen Refueling Station Cost

Based on the HDSAM model developed by the Argonne National Laboratory, the
cost of hydrogen storage and transportation and the cost of hydrogen refueling stations
are estimated [59]. It is worth noting that the storage and transportation cost of hydrogen
is not a fixed value but is related to the distance between the hydrogen source and the
hydrogen refueling station and the fuel economy indicators of the transportation vehicle. In
short distances, long-tube trailer high-pressure gas hydrogen transportation is economical.
At present and in the future, China’s domestic hydrogen refueling stations will still be
mainly 35 MPa. Therefore, consider the long-tube trailer high-pressure gas hydrogen
transportation, gas hydrogen cascade storage, and hydrogen refueling station refueling
pressure of 35 MPa as the key inputs and assumptions of the scenario. The relevant
parameters are summarized in Table 8. The hydrogen storage and transportation cost
and hydrogen refueling station cost of the hydrogen supply chain network of the coastal
hydrogen energy expressways in the cases are calculated. The daily hydrogen refueling
capacity of the hydrogen refueling station is 500 kgH, /d, 800 kgH,/d, and 1000 kgH, /d,
the calculation results are summarized in Table 9.

Table 8. Key parameters and assumptions.

Parameters Value
Hydrogen application scenario Expressway
Hydrogen transportation method Tube trailers
Hydrogen storage method Cascade storage
Refueling efficiency of HRS Low
Vehicle Fuel Economy mpg 8
Unit price of fuel f, (USD/L) 1.03
Single tube trailer hydrogen load I, (kg) 1042
Number of compressors loaded on trucks 3
Number of storage compressors 4
Maximum/minimum working pressure of tube (atm) 540/50
Service pressure of HRS (MPa) 35
Number of refrigerating units in HRS 4

Number of compressor series in HRS 2
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Table 9. The summary of calculation results.

Daily Refueling Capacity (kgH,/d) 500 800 1000

Hydrogen refueling station cost (USD/kgH>) 2.92 3.04 2.69
Compressed H; terminal cost (USD/kgH>) 22 2.2 2.2

L Cascade storage cost (USD/kgH>) 0.49 0.49 0.49
Dalian-Dandong Compressed Hj truck cost (USD/kgHy) 1.82 1.43 1.30
H; store and trans cost index B 4.5 411 3.98

Compressed H, terminal cost (USD/kgH,) 2.53 2.53 2.53

NV Cascade storage cost (USD/kgH>) 0.56 0.56 0.56
Dalian-Yingkou 1 ecsed H, truck cost (USD/ kgHy) 2.08 1.75 1.55
H, store and trans cost index B 5.18 4.84 4.64

Compressed H, terminal cost (USD/kgH,) 2.12 2.12 2.12

Jiangsu Cascade storage cost (USD/kgHj) 0.46 0.46 0.46

& Compressed Hj truck cost (USD/kgH5) 1.81 1.49 1.39

H, store and trans cost index B 4.39 4.07 3.97

Compressed H; terminal cost (USD/kgH>) 2.58 2.58 2.58

Guanedon Cascade storage cost (USD/kgH>) 0.63 0.63 0.63
seong Compressed Hj truck cost (USD/kgHy) 2.30 1.84 1.90

H, store and trans cost index B 5.51 5.05 5.11

4.5. Optimize Scenario Definition

Under the premise of meeting hydrogen demand, the coastal hydrogen expressways
to be optimized are divided into single hydrogen source hydrogen supply, with single-
capacity hydrogen station, and dual hydrogen source hydrogen supply, with multi-capacity
hydrogen station. The two optimization scenarios are respectively optimized. The hydrogen
production scale of hydrogen energy distribution point (hydrogen source) is 5000 kgH, /d.
The service area along the expressway serves as a potential site for hydrogen refueling
stations, and the specific distribution of road sections, hydrogen energy distribution points,
and service areas. In Figure 7, panels (1)—(4) respectively show the Dalian-Dandong section
and the Dalian-Yingkou section in the northeastern coastal region of China, the Jiangsu
section in the eastern coastal region, and the Guangdong section in the southeastern coastal
region. Dalian, Lianyungang, and Shantou are taken as the starting point to construct the
coordinate system. Table 10 summaries the specific distribution locations of hydrogen
distribution points available in the cases.

Table 10. Summary of location of hydrogen distribution point (Hdp).

Hydrogen Distribution . Hydrogen
Case Point Location of Hdp Distribution Point
) Hdp1 105 10
Hdp2 250 15
@ Hdpl1 80 40
Hdp2 155 8
Hdpl 80 46
3 Hdp2 175 36
Hdp3 225 42
Hdpl 25 8
4) Hdp2 65 11

Hdp3 115 28
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Figure 7. Schematic of expressway and service area and hydrogen distribution point. (Note: This
map is made based on the standard MAP GS(2021)6375 of AmAP, and the base map is not modified).
(1) Schematic of Dalian-Dandong expressway and service area and hydrogen distribution point.
(2) Schematic of Dalian-Yingkou expressway and service area and hydrogen distribution point.
(3) Schematic of expressway in Jiangsu section and service area and hydrogen distribution point.
(4) Schematic of expressway in Guangdong section and service area and hydrogen distribution point.

4.6. Optimization Procedure

According to the mathematical model of this article, the site selection of a hydrogen
refueling station and the subsequent optimization plan are determined. The calculation
process is to first use the data in Tables 610 as the key input parameters of the model,
and then use MATLAB to write the program in conjunction with the model calculation
framework in Figure 2. Finally, particle swarm optimization (PSO) is used to optimize
each situation, and the algorithm flow is shown in Figure 8. Specifically, the cases use key
data such as the average daily vehicle mileage per kilometer of expressway, fuel economy,
and market share of hydrogen fuel cell vehicles to calculate the total hydrogen demand of
the road section. By inputting relevant cost parameters of hydrogen production, storage
and transportation, and refueling process, we can estimate the unit cost of all parts of the
hydrogen supply process. Demand constraints determine the number and capacity of
hydrogen refueling stations, and the mileage limit of hydrogen fuel cell vehicles determines
the location of hydrogen refueling stations on the expressway. In the optimization scenario,
the position of the station to be built is recorded as an n-dimensional vector and regarded
as a particle, and the algorithm population size is 500. The maximum number of iterations
is set to 5000, and the model is iteratively optimized. In addition, the paper combines the
carbon emission factor method to calculate the carbon emission reduction in the hydrogen
production and application aspects of the hydrogen supply chain network in each case.
Considering the hydrogen supply under different optimization scenarios and the total
hydrogen demand of each expressway, specific CO, emission reduction data are used to
illustrate the positive impact of hydrogen energy utilization on the environment.
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Figure 8. Flow chart of the PSO calculation process.

5. Results and Discussion

Table 11 summarizes the hydrogen refueling station layout schemes in the two opti-
mization scenarios of the coastal hydrogen energy expressway cases. The specific distri-
bution of hydrogen refueling stations along the road route is shown in Figures 9 and 10,
which respectively show the location schemes under the optimized scenarios of single
hydrogen supply, with single hydrogen refueling station capacity, and dual hydrogen
supply hydrogen, with multiple hydrogen refueling station capacity, respectively.
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Figure 9. Location optimization result of Scenario 1. (Note: This map is made based on the standard
MAP GS(2021)6375 of AMAP, and the base map is not modified). (1) Location optimization result of
Scenariol in Dalian-Dandong section. (2) Location optimization result of Scenariol in Dalian-Yingkou
section. (3) Location optimization result of Scenariol in Jiangsu section. (4) Location optimization
result of Scenariol in Guangdong section.
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Table 11. Summary of hydrogen distribution points and hydrogen refueling stations.

Daily Location of Hydrogen Total Cost of Unit Cost of
Scenario Case Refueling Capacity Distribution Hydrogen Supply Hydrogen Supply
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Figure 10. Location optimization result of Scenario 2 (Note: This map is made based on the standard
MAP GS(2021)6375 of AMAP, and the base map is not modified). (1) Location optimization result of
Scenario2 in Dalian-Dandong section. (2) Location optimization result of Scenario2 in Dalian-Yingkou
section. (3) Location optimization result of Scenario2 in Jiangsu section. (4) Location optimization
result of Scenario2 in Guangdong section.
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5.1. Scenario 1 Optimization Results

It is defined in Scenario 1 that the coastal hydrogen energy expressway section of
each case is supplied with hydrogen from a hydrogen distribution point along the line,
and the daily hydrogen refueling capacity of the hydrogen refueling station is fixed. In
Case 1 of Scenario 1, the Dalian-Dandong section of He-Da Expressway is supplied with
hydrogen from hydrogen distribution point 1. The hydrogen refueling station capacity is
fixed at 800 kgH, /d, and four stations are optimized in the whole road. The total hydrogen
cost of daily hydrogen supply chain network is 45,904.422 USD/d, and the unit hydrogen
cost is 14.3 USD/kgH,. In Case 2, the Dalian-Yingkou section of Shen-Hai expressway is
supplied with hydrogen from the hydrogen energy distribution point 2 near the line, and
the daily hydrogen refueling station capacity is 800 kgH, /d. Three hydrogen refueling
stations are optimized and constructed throughout the entire road. The total daily hydrogen
supply chain network cost of hydrogen is 32,995.164 USD/d, and the unit hydrogen cost is
13.7 USD/kgH;. In Case 4, the Guangdong section of Shen-Hai Expressway is supplied
with hydrogen from hydrogen energy distribution point 2 along the line. Similar to Case
2, a total of three hydrogen refueling stations with a daily hydrogen refueling capacity
of 800 kgH, /d are also optimized throughout the road, and the hydrogen supply chain
network daily hydrogen cost reaching 33,923.620 USD/d, where the corresponding unit
hydrogen cost is 14.1 USD/kgH,;. Because the length of the road in Case 3 is the longest,
the overall hydrogen demand is the largest. To meet the hydrogen demand, the daily
hydrogen refueling capacity of the hydrogen refueling station is fixed at 1000 kgH,/d, and
the hydrogen is supplied from the hydrogen energy distribution point 2 near the line. Four
stations are optimized in the whole road. The daily hydrogen cost of the hydrogen supply
chain network is 59,896.736 USD/d, and the per unit cost of hydrogen is 15.0 USD/kgH,.
In the four cases of hydrogen energy expressways in Scenario 1, Case 3 has the highest cost
per unit of hydrogen, and Case 2 has the lowest cost per unit of hydrogen. However, the
overall result of 13.7-15.0 USD/kgH), is still consistent with the result of 14.7 USD/kgH,
per unit in existing literature.

The specific distribution of optimized hydrogen refueling stations on various coastal
hydrogen expressways can be intuitively understood from Figure 9. It is not difficult to see
that the optimized hydrogen refueling stations of the road sections in each case are more
evenly distributed along the expressway, which are mainly distributed to both sides of
the road section with the hydrogen energy distribution point as the center. Therefore, it
can more effectively cover the hydrogen demand of the entire road section. At the same
time, the hydrogen transportation distance is minimized, thereby reducing the cost of the
hydrogen supply chain network.

In addition, the location of station 4 in Case 1 is close to the existing service area.
Similarly, the location of station 2 in Case 2, station 1 in Case 3, and station 3 in Case 4
are all close to the existing service area. Therefore, the optimization result of hydrogen
refueling station calculated by the model can be fitted with the actual service area location.
The service area location close to the optimization result is considered as the construction
location of the new hydrogen refueling station. It could improve the use efficiency of land,
thereby reducing the waste of resources and saving the investment cost.

5.2. Scenario 2 Optimization Results

Different from the definition of Scenario 1, the optimization Scenario 2 defines that the
coastal hydrogen energy expressway section of each case can be supplied with hydrogen
from dual hydrogen sources distributed along the line. In addition, the daily hydrogen refu-
eling capacity of the hydrogen refueling station is also selected according to the constraints
of the hydrogen demand of the road section. Based on the optimization results of Case 1
in Scenario 2, five stations are optimized for the entire road section. The corresponding
hydrogen refueling station capacity is 500 kgH, /d, 800 kgH, /d, 500 kgH, /d, 1000 kgH, /d,
and 800 kgH; /d. Hydrogen refueling stations 1-3 are supplied with hydrogen from hy-
drogen energy distribution point 1. Hydrogen refueling stations 4-5 are supplied with
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hydrogen from hydrogen energy distribution point 2. The total cost of the hydrogen sup-
ply chain in the whole road section is 42,463.925 USD/d, and the unit hydrogen cost is
about 11.8 USD/kgH,. In Case 2, the whole section of the road is optimized to build four
stations, among which hydrogen refueling stations 1-2 are supplied with hydrogen from
hydrogen energy distribution point 1. Hydrogen refueling stations 3—4 are supplied with
hydrogen from distribution point 2, and the daily hydrogen refueling station capacity is
500 kgH,/d and 800 kgH, /d. The total cost of daily hydrogen supply chain network is
34,636.052 USD/d, and the unit hydrogen cost is 13.3 USD/kgH,. Case 3 is similar to Case
1, and five stations are optimized in the expressway of Jiangsu section. Among them, the
capacity of hydrogen refueling station 1 and hydrogen refueling station 3 is 800 kgH, /d, the
capacity of hydrogen refueling station 2 and hydrogen refueling station 4 is 1000 kgH, /d,
and the capacity of hydrogen station 5 is 500 kgH, /d. Hydrogen refueling stations 1-2
are supplied with hydrogen from hydrogen energy distribution point 1, and hydrogen
refueling stations 3-5 are supplied by hydrogen energy hydrogen energy distribution point
3. The cost of hydrogen used in the hydrogen supply chain network of daily is the highest
in the cases, reaching 58,594.606 USD/d, and the unit hydrogen cost is 14.3 USD/kgHo,.
The length of the road section of Case 4 is close to that of Case 2. The four stations are
optimized in the whole road, and the daily hydrogen refueling station capacity is also only
500 kgH2/d and 800 kgH, /d. According to the order of location, the first two hydrogen
refueling stations are distributed by hydrogen energy distribution point 1, and the last
two hydrogen refueling stations are supplied by the distribution point 3. The total cost
of the hydrogen supply chain network in daily is 31,055.271 USD/d, and the unit cost of
hydrogen is 13.5 USD/kgH,. In the optimization results of the hydrogen refueling stations
of the four expressway cases in Scenario 2, the unit hydrogen cost is between 11.8 and
14.3 USD/kgHy,, which is slightly lower than the result of the existing literature research of
14.7 USD/kgHo,, indicating the optimization result of the plan is relatively satisfactory.

Similar to the optimization results of optimization Scenario 1, it is found in Figure 10.
In each case, the optimized locations of coastal expressways will be more evenly distributed
along the road section of the case to ensure full coverage of the hydrogen demand of the
road section. In addition, the locations of hydrogen refueling station 1 and 3 in Case 1, the
locations of station 2-3 in Case 2, the locations of station 1 and station 3 in Case 4 are all
close to the existing service area. Therefore, the optimized hydrogen refueling station can
be considered to be located in the existing service area.

Meanwhile, in Case 1, the position of hydrogen refueling station 2 and the hydrogen
energy distribution point 1 that supplies its hydrogen are basically parallel. Similar situ-
ations include hydrogen refueling station 2-3 in Case 2, station 2 and station 4 in Case 3,
and station 1 and station 3 in Case 4. The locations of hydrogen refueling stations are all ba-
sically parallel to the locations of their corresponding hydrogen energy distribution points.
After analysis, it can be known that such a layout can reduce the transportation distance of
hydrogen to the greatest extent, thereby reducing the cost of hydrogen transportation links
and reducing the cost of the entire hydrogen supply chain network.

5.3. Comparison of Optimization Scenario Results

The hydrogen station layout results and hydrogen supply chain network cost of each
coastal hydrogen expressway are compared under the two optimization scenarios. It is not
difficult to see from Figures 11 and 12 that in the optimization results of coastal expressway
sections in each case, there is little difference in the results of the two optimization scenarios.
Whether it is the total cost of hydrogen used in the hydrogen supply chain network or the
cost of hydrogen used per unit. Except for Case 2, the total cost of hydrogen in the hydrogen
supply chain network and the unit hydrogen usage cost in each case in the optimization
Scenario 2 are slightly lower than the corresponding results in the optimization Scenario 1.
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The reason is that the hydrogen demand for the expressway sections of each case
remains unchanged in the two optimization scenarios. Compared with the single hydrogen
supply mode of Scenario 1, the dual hydrogen source hydrogen supply mode adopted
in Scenario 2 can supply hydrogen more flexibly to hydrogen refueling stations along
the route. At the same time, it can effectively shorten the total distance of hydrogen
transportation in the whole road section, thereby reducing the transportation cost, resulting
in a reduction in the overall hydrogen cost. In addition, even if the optimization results
in Scenario 2 increase the number of stations and the total hydrogen refueling capacity
of the hydrogen refueling station compared with the results of Scenario 1. The relevant
costs of each case in Scenario 2 are still generally lower than those in Scenario 1, indicating
that, in the hydrogen supply chain network, the transportation distance and the number of
hydrogen sources can more affect the overall cost of hydrogen.

Different from the results of other cases, the total cost of hydrogen used in the hydrogen
supply chain network under the optimization Scenario 2 in Case 2 is higher than the
corresponding total cost of hydrogen used in Scenario 1. The reason is that, under the
dual hydrogen source hydrogen supply mode of Scenario 2, the distance (40 km) from the
hydrogen energy distribution point 1 to the expressway section in Case 2 is significantly
longer than the distance (8 km) from the hydrogen energy distribution point 2 to the
expressway section. In the remaining cases, the distance between the hydrogen energy
distribution point and the expressway section is basically similar (refer to the distribution
data of hydrogen energy distribution point in each case in Table 10), so the important
impact of transportation distance on cost is once again explained.

The distribution results of the two optimization scenarios are shown in Figures 9 and 10.
In Case 1 and Case 2, under the definition of optimizing Scenario 2, a second hydrogen
source is added while optimizing the original hydrogen energy distribution point of
Scenario 1. Different from Cases 1-2, under the definition of optimized Scenario 2, the
existing hydrogen energy distribution points in Scenario 1 mode are discarded in Case 3
and Case 4. The new hydrogen energy distribution points on both sides of the near road
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section are selected as hydrogen source supply. On the one hand, the reasons for this
choice ensure that the location of the optimized station can be evenly distributed along the
expressway. On the other hand, it is convenient for hydrogen transportation and avoids
hydrogen transportation between distant sources and stations as far as possible, so as to
reduce costs and improve transportation efficiency. In addition, in the two optimization
scenarios, the locations of some hydrogen refueling stations are approximately parallel to
the hydrogen energy distribution point, which is convenient for hydrogen transportation. It
also illustrates to a certain extent the prerequisite influence of the location of the hydrogen
source on the optimized layout of hydrogen refueling stations.

5.4. Carbon Emission Reduction Calculation

Combining the carbon emission factor method to carry out carbon emission reduction
calculations on the hydrogen production side and application side of each case. Since the
hydrogen source of each coastal hydrogen expressway in the case uses PEM electrolysis to
produce hydrogen, and the hydrogen production scale is 5000 kgH; /d. Thus, the carbon
emission reduction results of the hydrogen production side of the single hydrogen source
in each case are the same, as shown in Table 12. Based on a single case, in Scenario 1, the
hydrogen production side can reduce CO, emissions by 77.55 tons per day in the mode of
single hydrogen source hydrogen supply. In the dual hydrogen mode of Scenario 2, the
hydrogen production side saves 155.1 tons of CO; per day. The carbon emission reduction
per unit of hydrogen production is 15.51 kgCO, /kgH,.

Table 12. Summary of emission reduction about single hydrogen source.

Parameters Value

Hydrogen production scale of hydrogen source (kg Hy/d) 5000
Power consumption (kWh/kg Hj) 51.3

Standard coal consumption per unit of electricity (kg/kWh) 0.1229
The emission factor of standard coal (kg CO, /kg) 2.46
Total emission reduction (t) 77.55

According to the hydrogen demand in the coastal hydrogen expressway section of
each case, based on the emission reduction parameters in Table 13, the calculated carbon
emission reduction results of the hydrogen application side are shown in Table 14. The
application side carbon emission reduction changes of different cases are shown in Figure 13.
In Cases 14, the daily CO, emission reductions from the hydrogen application side are
18.62 tons, 15.05 tons, 22.91 tons, and 11.36 tons, respectively. The CO, emissions per
unit mileage of the expressway section can be reduced by 68.3 kgCO,/km, and the CO,
emissions per unit hydrogen demand can be reduced by 6.35 kgCO, /kgH,.

Table 13. The parameters of emission reduction of HFCVs for cases.

Parameters Value

Hydrogen demand of HFCVs (kg H, /d) 3229

Lower heating value of hydrogen (M]/kg) 119.9
Lower heating value of gasoline (M]/kg) 434
The emission factor of gasoline (kg CO,/kg) 2.3

Table 14. Summary of emission reduction of HFCVs for cases.

Case Hydrogen Demand of HFCVs (kg Hy/d) Total Emission Reduction (t)
Case (1) 2930 18.62
Case (2) 2368 15.05
Case (3) 3605 2291

Case (4) 1883 11.36
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Figure 13. The emission reduction of HFCVs for cases.

Taking the calculation results of Case 1 in the optimization Scenario 1 mode as an
example, the hydrogen production side and the road section application side can reduce
CO; emissions by 96.17 tons per day. With the extension of the length of the hydrogen
expressway section and the large-scale application of hydrogen fuel cell vehicles, the
demand and application of hydrogen in the section are also increasing. Therefore, a large
amount of CO, emissions can be reduced, which helps to achieve the goal of energy saving
and emission reduction.

6. Conclusions

This paper summarizes the current development status of hydrogen energy industry,
focuses on the construction of hydrogen expressway in coastal areas relying on offshore
wind power hydrogen production, and considers the scientific location layout of hydrogen
refueling stations along the line. Combining the design of hydrogen supply chain network
with the location of hydrogen refueling stations, this study systematically analyzes the
entire hydrogen network of the whole road section and puts forward a general model of
hydrogen refueling station location of hydrogen expressway for the purpose of minimizing
the cost of hydrogen, so as to promote the development of hydrogen industry in coastal
areas. At the same time as considering the location, the carbon emission reduction capacity
of hydrogen production side and application side of hydrogen network is also calculated by
the carbon emission factor method, and the positive impact of hydrogen energy utilization
on the environment and energy conservation and emission reduction targets is evaluated.
The major conclusions and meaningful conclusions findings are summarized as follows.

(1) Four expressways in the coastal areas of northeast, east, and southeast in China
are selected as cases to optimize the location of hydrogen refueling stations under the two
optimization scenarios of a single hydrogen source, with single hydrogen station capacity,
as well as a double hydrogen source, with multiple hydrogen station capacity.

(2) Under the mode of hydrogen supply with a single hydrogen source, each case opti-
mally builds three to four stations, and the cost of hydrogen per unit is 13.7-15.0 USD/kgHo,
which is consistent with the cost of hydrogen per unit of 14.7 USD/kgH, in the existing
literature. Under the mode of dual hydrogen source and hydrogen supply, each case
optimizes the construction of four to five stations, and the cost of hydrogen per unit
is 11.8-14.3 USD/kgH,, which is slightly lower than the result of the existing literature
research on the cost of hydrogen per unit at 14.7 USD/kgHo,.

(3) Through the analysis of the specific location distribution of hydrogen refueling
stations in the optimization scheme, it was found that hydrogen sources have a decisive
influence on the location of hydrogen refueling stations. The transportation distance and
the number of hydrogen sources have a decisive effect on the hydrogen cost of hydrogen
supply chain network.

(4) In terms of carbon emission reduction, the carbon emission reduction per unit hydro-
gen production at hydrogen production side is 15.51 kgCO, /kgH5, the CO, emission reduc-
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tion per unit mileage of expressway section at hydrogen application side is 68.3 kgCO, /km,
and the CO, emission reduction per unit hydrogen demand is 6.35 kgCO, /kgHo.

The hydrogen refueling station location model based on the cost of hydrogen supply
chain network proposed in this paper can be applied to the early transition plan of helping
a certain expressway hydrogen network in a certain area to transform traditional vehicles
into hydrogen fuel cell vehicles. For the large-scale development of the hydrogen energy
industry, the model needs to be improved and adjusted in combination with application
scenarios, so that it can be applied to more diversified scenarios, so as to obtain more
comprehensive and accurate optimization results.
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Nomenclature

List of symbols

C the total cost of hydrogen

Cp the production cost of hydrogen

Cst the storage and transportation cost of hydrogen

Cy the cost of hydrogen refueling station

t year

r the discount rate

n the lifetime

I; the expenditures in year ¢

M; the OPEX and the adjusted share of the decommissioning costs in year ¢

F the expense relative to the electricity costs in year ¢

E; the total hydrogen production in year ¢

i the index of hydrogen refueling stations

j the index of hydrogen sources

N the set of hydrogen refueling stations

M the set of hydrogen sources

pj the unit cost of hydrogen production of hydrogen source j

Cjj the unit cost about storage and transportation of hydrogen source
j to hydrogen refueling station i

Chi the unit hydrogen refueling station cost

wjj the mass of hydrogen supplied by hydrogen source j to hydrogen
refueling station i

A the cost index of transportation

B the cost index of hydrogen storage and transportation

fr the unit price of the fuel used by the vehicle

Iy the hydrogen carrying capacity of the transport

mpg the fuel economy of the transport

length the length of the transport path
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djj the distance between hydrogen source j and hydrogen refueling station i
d the distance between the transport node and hydrogen source j

X; the plus coordinates (x;, y;) corresponding to hydrogen station i

X; the transport node coordinates (x;, y;) corresponding to hydrogen source j
D the total hydrogen demand of expressway section

L the daily maximum production capacity of hydrogen source j

w; the daily refueling capacity of hydrogen refueling station i

diit1 the distance between adjacent hydrogen refueling stations

Eco, the CO, emission

EF¢co, the CO, emission factor of the consumed fuel

Mg the mass of fuel consumption

Mc the mass of standard coal consumed by traditional thermal power generation
My the amount of hydrogen produced by offshore wind power

Mg the mass of gasoline

mg¢ the standard coal mass consumed per unit of electricity production
Pu the wind power consumed per unit of hydrogen production
LHVy the lower heating value of hydrogen

LHVg the lower heating value of gasoline

Abbreviations

HFCV hydrogen fuel cell vehicle

HRS hydrogen refueling station

LCOH levelized cost of hydrogen

NPV net present value

OPEX Operating expenses

PSA pressure swing adsorption

PEM proton exchange membrane

AWE alkaline water electrolysis

SCP set covering problem

MCLP maximal covering location problem

FCLM flow-capturing location model

FRLM flow-refueling location model

H2A hydrogen production analysis model

HDSAM hydrogen distribution scenario analysis model

PSO particle swarm algorithm

store storage

trans transportation

Hdp hydrogen distribution point
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