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The energy transformation in China is picking up speed, thanks to the mass development
and utilization of various clean energies. As an emerging clean energy, hydrogen energy
has been highly recognized, and gradually introduced to industry and transport. As a result,
hydrogen fuel cell vehicles (HFCVs) attract a growing attention from the government and
the public. However, the is a severe lack of hydrogen refueling stations (HRSs). Therefore,
this paper explores into the determination of HRS location and volume. The HRS
investment market was treated as an oligopoly market, due to the huge investment and few
investors of HRSs. To ensure the long-term balanced development of hydrogenation, it is
assumed that all investors fully analyze the possible investment behaviors of competitors
and HFCV driver preference before making any investment decision. On this basis, a multi-
agent optimization model was established to determine the location and volume of HRSs.
The results show that, to avoid supply-demand imbalance induced by information
asymmetry, the HRSs should be constructed along with an intelligent software platform,
which provides HFCV drivers with rich information on hydrogenation service. Our model
helps investors determine the core issues of the HRS, including location, size, and supply

scale.

1. INTRODUCTION

Energy is a main driver of social progress and technological
advancement. In recent years, the energy demand continues to
increase around the world. However, the traditional fossil
energy is limited in supply, and a major source of air pollutants.
To bridge the demand-supply gap, clean energies have
developed rapidly on the global scale.

One of the most popular clean energies is hydrogen energy
[1], which is virtually inexhaustible. Hydrogen is ubiquitous
in nature. Most of hydrogen exists in the form of compound
water. About 70% of the Earth’s surface is covered by water,
11% of which is hydrogen. Thus, the Earth itself is a huge
warehouse of hydrogen. Hence, hydrogen energy is hailed as
the main energy of the new century.

Currently, hydrogen fuel cell vehicles (HFCVs) attract a
growing attention from the government and the public [2, 3].
hydrogen refueling station (HRS) is a necessary infrastructure
of HFCVs [4]. With the growing number of HFCVs [5], the
HRS market has been gradually opened [6]. China had
constructed 76 HRSs by September 2020, and there are 10
HRSs under construction and 78 in the planning stage [7].

Many experts and scholars have probed deep into HFCVs
and HRSs. Some have demonstrated the competitiveness of
hydrogen energy and HFCVs in future market from the
perspective of cost [8] and environment [9]. For example, Liu
et al. [10] calculated the investment cost and operation cost of
HRSs. Shan et al. [11] computed the overall cost of hydrogen
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energy supply chain, including edges
production, transportation, and hydrogenation.

Some have discussed the hydrogen safety of HFCVs and
HRSs. For instance, Dai and Zhang [12], Shi et al. [13]
measured the level of safety of HRRs. Zheng [14], Zheng et al.
[15] evaluated the safety of hydrogen storage devices, as well
as that of hydrogen transportation process.

Some have studied the design and layout of HRSs. Agll,
Agll et al. [16] designed a novel embedded HRS. Liu [17]
controlled the HRS construction of HRS from the angle of
project management. André et al. [18], Ramea [19] located
hydrogen pipelines and examined the mode of hydrogen
supply.

Some have identified the influencing factors and
satisfaction of HRS selection among HFCV drivers [20, 21].
Kelley et al. [21] pointed out that the drivers’ choice of HRS
depends greatly on subjective and objective convenience.

Some have determined the location and volume of HRSs.
Thiel [22] considered distance and price as two main reasons
for drivers to choose HRSs, and proposed a two-step pricing-
based location strategy. Gao et al. [23], Li et al. [24], He et al.
[25], Sun [26] selected HRS sites according to the overall cost
of hydrogen supply chain. Lin et al. [27] integrated data from
multiple sources to the HRS location model, including gas
station network, geographic information system (GIS),
population, and regional economy. Miralinaghi et al. [28]
located HRSs in the light of driving route selection and
hydrogenation ~ demand  uncertainty.  Lewandowska-

like hydrogen


https://crossmark.crossref.org/dialog/?doi=10.18280/ijht.390110&domain=pdf

Smierzchalska et al. [29], Narayanamoorthy et al. [30], Deveci
[31] relied on analytic hierarchy process (AHP) and fuzzy set
to locate underground hydrogen storage tanks. Yang and Jiang
[32] fully considered operation cost and demand uncertainty
in an attempt to determine the location and volume of HRSs.
Grassman et al. [33] designed the HRS volume based on
consumer satisfaction.

The determination of HRS location and volume is
essentially an oligopoly game. For the long-term balanced
development of hydrogenation market, this paper explores the
determination of HRS location and volume based on oligopoly
equilibrium, and establishes a multi-agent optimization model
to help investors solve this problem. The research was carried
out under two assumptions: all investors enter the market at
the same time; every investor fully analyzes the investment
behavior of the current and potential competitors before
making its own decision on investment.

2. MODELING

The main purpose of this paper is to establish an HRS
network that facilitates the oligopoly equilibrium of the
hydrogenation market, allocates resources reasonably, and
satisfies the long-term demand of hydrogenation. Before
modeling, it is assumed that all investors enter the market at
the same time; every investor fully analyzes the investment
behavior of other investors, before making its own decision on
investment.

The HRS market is not large at present. But the market scale
will continue to expand, with the growing number of HFCVs.
Many new investors will be attracted to the market. Therefore,
any investment decision should be made in view of the
investment behavior of the existing investors, as well as that
of potential entrants to the market.

Under the condition of market equilibrium, the
hydrogenation price of HRSs is completely determined by the
market. However, the hydrogenation cost varies with locations,
due to traffic congestion, and accessibility of the traffic
network. Thus, the hydrogenation price would change from
place to place. This paper assumes that hydrogenation demand
of HFCVs depends only on traffic conditions and
hydrogenation services.

On this basis, a multi-agent optimization problem with
equilibrium constraint (MOPEC) model was established to
analyze the interaction between investors.

2.1 MOPEC modeling framework

In 2012, Ferris and Wets proposed a general modeling
framework for MOPEC [34]. Since then, this framework has
been repeatedly theorized and applied [35-38]. Here, the basic
MOPEC model is expressed as:

X; eargmax, f;(0,x,x;), iel (1)
where, | is the set of investors;, x; = (x;,i €I) is the
investment behavior; f; is the criterion function of investment
behavior; x. is the investment behavior of investors other than
investor i; 0 is a parameter, whose relationship with x; satisfies
the market equilibrium constraints.
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2.2 Investment behavior of each investor

2.2.1 Behavior modeling

After deciding to enter the market, an investor needs to
make three decisions: (1) where to build the HRS? (2) what is
the scale of the HRS? (3) how many hydrogenation services
should the HRS provide to the market during the operation
phase. The first two investment behaviors occur in the
planning phase, before the investor enters the market; the third
behavior occurs in the operation phase, after the investor enters
the market.

Every decision made by an investor is based on the
investment behaviors of other investors and potential entrants:

maxvgignize ; LERIOIE ; 200 (a)
Subject to () s -VT <0 Vliel (b
ss 20, VIl el (2¢)
v >0, Vl e L 2d)

where, L; is the set of candidate locations selected by investor
i, VI € L;; v} is the volume of the HRS established by investor
i at location | (unit: kg); T is the duration of hydrogenation in
peak hours; s} is the amount of hydrogen provided by investor
i at location | during the peak period T(unit: kg); p' is the
market price of hydrogenation service at location I; ¢, (-)is
total capital cost based on the total volume of hydrogen storage
vessels in the HRS; ¢, (-)is the operation cost based on the
number of hydrogenation services provided by the HRS and
the operation plan; | is the set of investors, Vi € I; y} is the
constraint on the volume for investor i at location I. As
mentioned before, investor i needs to determine three things:
the station location |, station volume v}, and number of
hydrogenation services s; during operation.

The objective function (2a) aims to maximize the maximum
net income, which equals the maximum net operating income
minus the total investment cost. In this function, ZleLiplsil is
the maximum operating income of the HRS received by
investors; Yer,[p's! — @s(sH] is the largest operating net
income of the HRS received by investors; ¥;¢;, @, (v}) is the
total investment cost of investors to establish the HRS. Note
that all lowercase bold fonts represent vectors, e.g., s' in
Y11, @s(sh) is a vector.

The total investment cost function ¢,,(+) is a linear function,
and the operation cost function ¢,(+) is a quadratic function
with positive coefficients. Besides ensure the concavity of the
objective function, this explains two micro-economic
phenomena:

(1) The growing hydrogenation demand in a location will
aggravate the congestion of the traffic network, pushing up the
hydrogenation price at this location;

(2) The rise of hydrogenation price will attract more
potential competitors to the market, and result in an
oversupply of hydrogenation service.



Under the condition of market equilibrium, the price of
hydrogenation service at a location remains the same, which is
determined by the market.

Constraint (2b) ensures that the number of hydrogenation
services provided by the HRS during peak hours is smaller
than or equal to the total volume of hydrogen storage vessels.
Here, it is assumed that the hydrogen in the vessels can be
replenished in time.

Constraints (2¢) and (2d) guarantee that the relevant
parameters are not negatives.

2.2.2 Decision modeling

Before investing in an HRS, investors must consider such
factors as the station location, the volume of hydrogen storage
vessels, and the hydrogenation demand at the location. The
investment behavior of investors is not affected by HFCV
ownership, but by the HFCV driver decisions. When an HFCV
drives in the basic traffic network, the driver chooses the route
based on traffic congestion and toll facilities. Hence, this paper
takes HFCV ownership as an exogenous variable.

The combined distribution and assignment (CDA) model
[39, 40] was adopted to plan the hydrogenation infrastructure.
This model was adopted by Ryu et al. [41], Yao et al. [42] to
solve optimization problems. The model can simulate the
interaction between HFCV drivers and hydrogenation
infrastructure.

Inspired by Kelley et al. [21], four factors were selected as
the main influencing factors on HFCV drivers’ selection of
hydrogenation service, namely, location, travel time, total
volume of vessels, and hydrogenation cost. Then, a
multinomial logic model was established for the drivers’ route
selection. The deterministic components of the model’s utility
function are as follows:

Kl _ gl gk I plekl
U =8—Bt" + 5,2 Vi — Bs~ K (3)
inc

iel,

where, K is the set of origins (Os) of a route, k € K; L is the
set of destinations (Ds) of a route, L € L; I; is the set of
investors who may invest in location I, i € I;; U¥ is the utility
of a driver as he/she drives from location k to location I; g is a
parameter of the utility function (model input); t is the mean
travel time from location k to location I; e is the mean
hydrogenation demand from location k to location | (model
input); inck is the mean income of locals in location k (model
input).

Formula (3) is the utility function of the driver whose drives
from location k to location I. According to the formula, when
he/she drives an HFCV from location k to location I, the
driver’s utility is affected by the location attraction, travel time,
total volume of vessels, and hydrogenation cost.

Specifically, g} is the attraction of location | to HFCV
driver; B, t¥ is the travel time from location k to location | for
HFCV drivers; B, Yiey, v} is the attraction of the total volume

Lkl
of vessels at location | to HFCV drivers; B; > is the effect

of hydrogenation cost on HFCV drivers driving from location
k to location I.

Among them, ¢ changes with the HFCV drives and
locations. For example, if location | is the driver’s workplace,
then the location attraction will play a key role in the utility
function, and B} should be given a high value. By contrast, if
the driver only goes to location | for shopping, then going to
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this location is purely accidental, because different shopping
malls have the same effect on the driver. In this case, the
location attraction is not the key impactor of the utility
function; the driver’s station choice is not only affected by
location attraction, but also by travel time and hydrogenation
cost.

Next, the traffic network was illustrated as a directed graph
G=(N, A), where N is the set of nodes in the network, n € N;
A is the set of edges in the network, a € A. Each edge refers to
the connection between any two nodes. Then, the CDA model
can be established as:

e

. f, 1 K K Lkl_ I
min imize Zh ta(du 3 2t (ing™ ~1+ £y T 'BZEV' B)  (4a)

Subject to fp=>>x! vaeA (4b)
KoK 1oL
(5“) AXY = g“EN, Wk € K, VI e L (40)
(7) 2" =d" vkeK (4d)
e
X:'ZO, Vae A Vk e K, VI e L (4e)
q¢ >0, Vk € K, Vl e L (41)

where, f, is the traffic flow on edge a; t,(-) is time function of
HFCVs driving on edge a; g¥ is the traffic flow from location
k to location I; xX is the traffic flow on edge a associated with
OD pair kl; A is an incidence matrix of network nodes and
edges (topology-based input); EX is correlation vector of OD
pair kI (if the origin k+1, then the destination I-1; topology-
based input); d*is the number of HFCVs leaving from location
k (model input); &' is the constraint on traffic flow from
location k to location I; #* is a constraint on traffic flow at
location k.

In objective function (4a), Y.qea fof“ to,(wW)du is the total
user cost in the traditional static traffic equilibrium model;

Lkl
q Inq éZkEK Yier ¢ (Ing* — 1+ B4 %
B2 Yier, v} — Bo) is the entropy of distribution of HFCVs; the
other parts are the utility measurements of HFCV drivers.
Constraint (4b) computes the traffic flow f, on aggregate edge
a by x¥!; constraint (4c) ensures the conservation of flow of
the HFCVs at each node; constraint (4d) specifies that the total
HFCVs leaving from node k must be equal to the total travel
demand.

in

2.2.3 Market clearing condition

To derive the market clearing price, the authors set a market
clearing condition: the demand of hydrogenation service in a
place equals the total supply of hydrogenation service in that
place. For simplicity, HFCVs are only hydrogenated at the
destination. Hence, the market clearing condition can be
expressed as:

(p') s - Tegi=0vleL

iel, keK

)



Note that this paper only considers the HFCVs in need of
hydrogenation service. To describe any other travel mode, a
subscript should be added in the lower right corner of each
parameter.

3. SOLVING ALGORITHM

It is a great challenge to solve a MOPEC in complex traffic
network. Through variational analysis, this paper establishes a
bivariate function, and finds the variational convergence of
this function.

Firstly, the search for the equilibrium market clearing price
of hydrogenation was converted into the search for the
maximum value of the appropriate function. Then, the authors
talked about the construction of bivariate function, and the
relevant convergence theorems. Finally, the solving algorithm
for MOPEC was described in details.

Specifically, the investment behavior of an investor under
the maximum return was obtained from the investment
behavior model (2a-2d) of investors in the HRS (Subsection
2.2.1). Further, the price p € RY of hydrogenation service was
derived by solving (v}(p), s{(P))ieL,- Meanwhile, the total
volume of vessels in all HRSs in the location was obtained as
v' () = T vi(p), LEL.

With the help of the drivers’ decision model (4a-4b)
(Subsection 2.2.2), the total volume v(p) of vessels and the
price p of hydrogenation service were determined by
calculating (x(p, v(p)), f(p, v(p)). a(p, v(p))).

If the hydrogenation service available exceeds the demand,
the excess can be solved by the following formula,

ES,(p)=>(s{(p)— 2e“q“(p.v(p)). 1 eL

iel keK (6)
According to equilibrium constraint (5), when the price of
hydrogenation service is the equilibrium price p* € R, then
ES(p")=0.
In this paper, Walrasian function is used to solve the above
equilibrium problem:

W(p,p) == ¢ (ES (p))?, onRyxA

leL

(7

where, 4; is an L-dimensional simplex.

4. CONCLUSIONS

As an emerging clean energy, hydrogen energy has won
more and more recognition. The government also strongly
encourages the promotion and application of HFCVs. In the
meantime, many have noticed the short supply of
hydrogenation services. As a result, people begin to consider
investing in the infrastructure of hydrogenation services.

Due to the sheer scale of the HRS, the investment market of
HRSs is an oligopoly market. Admittedly, the market of
hydrogenation service is still small. But the market size is
expected to explode in the future. To realize the long-term
stable development of this market, the authors set the
equilibrium constraints on the investment planning of HFCV
hydrogenation infrastructure.

The game psychology of human was fully considered to
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study the investment behavior of investors. It is assumed that
every investor takes account of the investment behavior of
current and potential investors before making any decision on
investment. An investor can finalize his/her investment
decision after going through several stages of the game. In
addition, every investor was assumed to be fully aware of the
behavior of HFCV drives in the traffic network.

Under the above assumption, an MOPEC model was chosen
to solve the investment planning problem of HFCV
hydrogenation infrastructure, aiming to help investors
determine the core issues of the HRS, including location, size,
and supply scale.

For convenience, this paper only considers the travel mode
of HFCVs in the traffic network, and stipulates that all vehicles
are hydrogenated only at the destination. This simplification
leaves ample room for future research, because the real traffic
network consists of fuel vehicles and electric vehicles, apart
from HFCVs; the HFCVs can enjoy hydrogenation service at
nodes other than the destination.

Currently, the application of hydrogen energy is not yet
mature. The number of HFCVs and HRSs are far from enough.
The resulting lack of historical data makes it impossible to
carry out an actual case analysis. This problem will be solved
in the follow-up study.

To avoid supply-demand imbalance induced by information
asymmetry, the HRSs should be constructed along with an
intelligent software platform, which provides HFCV drivers
with rich information on hydrogenation service: the station
location, the real-time volume of residual hydrogen in the
station, and the hydrogenation price of each station. Such a
platform can improve the competition in the hydrogenation
industry, and make the hydrogen distribution more reasonable
in each station. Then, no vehicle will go to an HRS with no
hydrogen left for hydrogenation. In this way, the
hydrogenation service market will reach equilibrium very
quickly.
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