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Abstract. Problem definition: Hydrogen fuel-cell vehicles (HFVs) have been proposed as 
a promising green transportation alternative. For regions experiencing renewable energy 
curtailment, promoting HFVs can achieve the dual benefit of reducing curtailment and 
developing sustainable transportation. However, promoting HFVs faces several major hur-
dles, including uncertain vehicle adoption, the lack of refueling infrastructure, the spatial 
mismatch between hydrogen demand and renewable sources for hydrogen production, 
and the strained power transmission infrastructure. In this paper, we address these chal-
lenges and study how to promote HFV adoption by deploying HFV infrastructure and uti-
lizing renewable resources. Methodology/results: We formulate a planning model that 
jointly determines the location and capacities of hydrogen refueling stations (HRSs) and 
hydrogen plants as well as electricity transmission and grid upgrade. Despite the complex-
ity of explicitly considering drivers’ HFV adoption behavior, the bilevel optimization 
model can be reformulated as a tractable mixed-integer second-order cone program. We 
apply our model calibrated with real data to the case of Sichuan, a province in China with 
abundant hydro resources and a vast amount of hydropower curtailment. Managerial 
implications: We obtain the following findings. (i) The optimal deployment of HRSs dis-
plays vastly different spatial patterns depending on the HFV adoption target. The capital 
city, a transportation hub, is excluded from the plan under a low target and only emerges 
as the center of HFV adoption under a high target. (ii) Promoting the HFV adoption can 
overall help reduce hydropower curtailment, but the effectiveness depends on factors such 
as the adoption target and the grid upgrade cost. (iii) Being a versatile energy carrier, 
hydrogen can be transported to various locations, which allows for strategic placement of 
HRSs in locations distinct from hydrogen plant sites. This flexibility offers HFVs greater 
potential cost savings and curtailment reduction compared with other alternative fuel vehi-
cles (e.g., electric vehicles) under current cost estimates.

Funding: W. Qi acknowledges the support from the National Natural Science Foundation of China 
[Grants 72242106 and 72188101] and the Natural Sciences and Engineering Research Council of 
Canada [Grant RGPIN-2019-04769]. 

Supplemental Material: The online appendix is available at https://doi.org/10.1287/msom.2022.0381. 
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1. Introduction
Hydrogen has gained rapidly growing attention around 
the globe in recent years as the world is combating cli-
mate change and transitioning toward a more sustain-
able future. As a versatile energy carrier and chemical 
feedstock, hydrogen can be used in a variety of applica-
tions across the manufacturing, transport, power, and 
building sectors. Consuming hydrogen produces no car-
bon dioxide (CO2) or harmful substance—ideal for 
reducing greenhouse emissions and air pollution from 
these sectors. With the advancement in hydrogen 

technologies, the declining cost of renewable energy, 
and the urgency to reduce greenhouse gas emissions, 
hydrogen is expected to be a key component in the 
energy system of the future. For instance, in the Euro-
pean Union’s strategic vision for a climate-neutral econ-
omy, the share of hydrogen in Europe’s energy mix is 
projected to grow from less than 2% in 2020 to 13%–14% 
by 2050 (European Commission 2018). To realize the full 
potential of hydrogen, many countries and economies, 
such as the United States, the European Union, and 
China, have announced their official strategies in 
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support of developing the hydrogen industry (European 
Commission 2020, U.S. Department of Energy 2020, Xin-
huanet 2022).

Several global initiatives mentioned above actively 
promote hydrogen fuel-cell vehicles (HFVs), recognizing 
them as one of the most promising green transportation 
alternatives. HFVs, powered by electricity generated 
through the reaction of hydrogen with oxygen in a fuel 
cell, generally have higher overall efficiency compared 
with fossil fuel vehicles and emit no air pollutants (U.S. 
Department of Energy 2021). Given these merits, major 
automobile manufacturers are competing in the devel-
opment of HFV models, such as Toyota Mirai, Hyundai 
Nexo, Honda Clarity, and BMW i Hydrogen NEXT. 
Despite this, the prevailing belief is that the future of 
small passenger vehicles lies in battery electric vehicles 
(EVs). HFVs, on the other hand, are deemed more ad-
vantageous for long-distance, heavy commercial trans-
portation (Timperley 2021). Notably, HFV trucks can 
provide extended driving ranges exceeding 800 kilo-
meters (km) and can be refueled in 5–20 minutes (e.g., 
Hyzon Motors 2023, Nikola 2023b). When used on the 
scale required for trucking, the EV batteries become 
heavy and consequently, diminish profits in freight 
transportation (Toyota 2022). Additionally, it is antici-
pated that the hydrogen refueling cost will continue to 
decrease as more hydrogen refueling stations (HRSs) 
become available (BAE Systems 2021).

In addition to the environmental advantages on the 
demand side, HFVs can contribute to enhancing the 
penetration of renewable energy and mitigating its cur-
tailment from the supply side. As an appropriate energy 
carrier for variable renewable resources, like hydro, 
solar, and wind (International Renewable Energy 
Agency 2021), hydrogen (produced with electricity) can 
be utilized to reduce energy curtailment that arises 
when electricity supply surpasses demand or transmis-
sion constrained by grid capacity. We consider water 
electrolysis as the method of hydrogen production, 
which splits water into hydrogen and oxygen using elec-
tricity. When the electricity used in this process is gener-
ated from renewable or low-carbon sources, the 
hydrogen produced is referred to as the green hydrogen 
(Dincer 2012). Figure 1 illustrates a hydrogen supply 
chain encompassing electricity transmission, hydrogen 
production, and distribution. To supply the required 
power for water electrolysis, electricity is transmitted 

from power plants to hydrogen plants through the grid. 
The generated hydrogen is subsequently transported to 
hydrogen refueling stations in designated regions using 
methods such as tube trailers or pipelines. When feasi-
ble, utilizing tube trailers powered by hydrogen, such as 
through HFV trucks, and repurposing existing natural 
gas pipelines for hydrogen transport will be more cost 
effective and eco-friendly.

Recognizing the benefits of HFVs from both the 
demand side (e.g., reducing tailpipe emissions) and the 
supply side (e.g., mitigating energy curtailment), many 
governments emphasize the promotion of HFVs in their 
hydrogen initiatives. For instance, the government of 
Sichuan, a province in southwest China abundant in 
hydropower resources, regards HFVs as a significant 
opportunity in its hydrogen plan (Sichuan Provincial 
Economic and Information Department 2020). Given the 
substantial hydropower curtailment because of con-
strained grid transmission capacity (e.g., 20 terawatt- 
hours (TWh) in 2020) (Sixth Tone 2022), promoting 
HFVs in Sichuan Province has the potential to yield dual 
benefits by mitigating hydropower spillage and foster-
ing the development of green transportation.

However, the promotion of HFVs encounters signifi-
cant challenges in the design of the hydrogen supply 
chain network. First, on the supply side, over 95% of 
today’s hydrogen is produced from fossil fuels by steam 
reforming of natural gas, partial oxidation of methane, 
and coal gasification, which are not economical for pro-
viding fuels for HFVs and entail substantial CO2 emis-
sions (International Renewable Energy Agency 2021). 
To make it cost competitive and sustainable, the most 
promising approach is to produce hydrogen through 
water electrolysis, with electricity generated from inex-
pensive renewable sources (e.g., the otherwise curtailed 
hydropower). Hence, locating hydrogen plants should 
be coordinated with the utilization of curtailed hydro-
power. Second, on the demand side, the strategic place-
ment of hydrogen refueling stations plays a crucial role 
in facilitating the widespread adoption of HFVs (Chen 
et al. 2021). This adoption-promoting effect is particu-
larly pronounced in the early stage when the HRS infra-
structure is scarce, such as is the current situation in 
Sichuan Province. As of January 2024, only five HRSs are 
available (Glpautogas Info 2024). The challenge is aggra-
vated by the spatial mismatch between demand areas 
and renewable energy sources. In Sichuan Province, the 

Figure 1. (Color online) The Hydrogen Supply Chain 
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hydropower curtailment mainly occurs in the province’s 
southwest, whereas the population is concentrated pre-
dominantly in the east (see Figure 2). This spatial mis-
match adds complexity to the decision making faced 
by system planners as they grapple with determining 
the optimal location for hydrogen production—whether 
it should be closer to the water curtailment source or 
the demand market. Third, the substantial electricity 
demand for large-scale hydrogen production through 
water electrolysis has the potential to strain the grid. 
Consequently, planners must take into account the 
necessity for grid upgrades when designing the hydro-
gen supply chain network.

In light of these promises and challenges of HFVs, this 
paper investigates how we can promote HFV adoption 
by designing the hydrogen supply chain network and 
utilizing otherwise curtailed renewable energy. Taking 
the perspective of a social planner, the objective is to 
achieve a prespecified target level of HFV adoption mea-
sured by vehicle miles traveled (VMT) while minimizing 
the total infrastructure investment and operating cost. 
Our paper proposes an integrated model of the hydro-
gen supply chain network design to jointly determine 
the locations and capacities of HRSs and hydrogen 
plants as well as the capacity upgrade and the loading of 
the electric power grid (assuming exogenous power 
generation). Through a case study based on the real data 
of Sichuan Province, we aim to understand how to better 
design HFV infrastructures under various practical con-
ditions. Moreover, we investigate when HFVs emerge 
as a viable alternative in comparison with EVs, aiming 
to promote green transportation and mitigate energy 
curtailment simultaneously. Here, we outline our pri-
mary contributions in tackling the challenges mentioned 
above. 

• Our model comprehensively incorporates crucial 
and interconnected factors in the hydrogen supply 
chain, encompassing HFV adoption and usage, hydro-
gen production and distribution, electricity transmis-
sion, and grid upgrades.
• We explicitly take into account HFV adoption that 

depends on the deployment of HRSs in the network. 
This leads to a bilevel optimization problem that can 
be reformulated into a mixed-integer second-order 
cone program (MISOCP). Our approach effectively 
addresses the exact reformulation of worst-case adop-
tion rates (the equality chance constraint) as the ratio of 
two quadratic functions, distinguishing our approach 
from earlier work that only reformulates the relaxed 
bound (the inequality chance constraint) on the worst- 
case adoption rate (e.g., El Ghaoui et al. 2003, He et al. 
2017). Our techniques can potentially be applied to 
other problems to handle equality constraints involv-
ing ratios of two quadratic functions.
• Our computational studies using real data on the 

case of Sichuan Province offer managerial insights on 
the design of the hydrogen supply chain for HFV adop-
tion and energy curtailment reduction. 

1. The VMT target significantly influences net-
work design decisions. In the case of Sichuan 
Province, when the VMT target is low, hydrogen 
production is situated near hydropower curtail-
ment sources, where the demand market, 
although modest, is adequate to meet the VMT tar-
get. In contrast, with a high VMT target, the net-
work expands to include Chengdu, the capital city 
of the province, boasting the largest HRS capacity 
and the highest HFV adoption.

2. The promotion of HFVs can contribute to an 
overall reduction in hydropower curtailment, 
although the effectiveness varies depending on 
the VMT target and factors, such as grid upgrade 
costs and electricity purchase prices. Particularly, 
when the electricity purchase price is low, the cur-
tailment reduction experiences only marginal 
increases with the VMT target after reaching a cer-
tain level. Therefore, to attain the dual benefits of 
minimizing hydropower spillage and fostering 
green transportation, planners should meticu-
lously assess these factors and select an appropri-
ate level for the HFV adoption target.

3. Amidst the ongoing debate regarding the 
promotion of EVs versus HFVs as sustainable 
solutions for green transportation and mitigating 
energy curtailment, our investigation reveals that 
EVs hold an advantage when the costs associated 
with hydrogen transportation and/or HRSs are 
higher, particularly under high a VMT target. 
However, based on current cost estimates, HFVs 
emerge as the more cost-effective option because 
of the flexibility of hydrogen transport, enabling 

Figure 2. (Color online) The Spatial Mismatch Between Pop-
ulation and Hydropower Curtailment of Sichuan Province 
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strategic placement of HRSs in locations separate 
from hydrogen production sites within the supply 
chain. In contrast, EVs rely solely on chargers 
powered by the grid, thereby limiting their ability 
to fully utilize curtailed renewable energy under 
grid constraints. Consequently, for freight trans-
port, advocating for HFV trucks presents greater 
cost savings and curtailment reduction potential 
compared with EV trucks at the present stage.

The rest of this paper is organized as follows. Section 
2 reviews the related literature. Section 3 describes the 
optimization model for planning HFV infrastructures. 
Section 4 applies the model to the case of Sichuan Prov-
ince, and it also develops managerial insights based on 
the computational studies. Finally, Section 5 concludes 
the paper.

2. Literature Review
Infrastructure planning for HFVs is by nature a crossdis-
ciplinary research problem because of intertwined fac-
tors, such as vehicle adoption, fuel distribution, and 
power grid operations. Thus, our work lies at the inter-
face of multiple academic fields, including operations 
management, transportation, and power systems. 
Below, we review the related literature in these fields.

Planning supporting infrastructure for alternative 
fuel vehicles (AFVs) is vital for its mass adoption, and it 
has attracted growing interest from operations manage-
ment and transportation communities. The majority of 
this literature considers EVs with plug-in charging (e.g., 
He et al. 2021, Zhang et al. 2021) or battery swapping 
(e.g., Mak et al. 2013, Avci et al. 2015, Qi et al. 2023). 
However, models and insights from those studies can-
not be directly applied to the context of HFVs. Refueling 
HFVs does not involve charging or battery swapping, 
but rather, it requires hydrogen that is produced at 
hydrogen plants using certain resources (e.g., electricity 
in our work) and then delivered to the HRSs to meet 
demand. Such a different fuel supply process leads to 
new design challenges, such as hydrogen plant location 
and fuel distribution, which our model explicitly 
addresses.

Researchers in the transportation field have also stud-
ied the refueling station location problems for generic 
AFVs and HFVs. In the context of generic AFVs, Kuby 
and Lim (2005) develop a flow-refueling location model 
to locate refueling facilities, accounting for the limited 
range of AFVs. Further research extends this model by 
locating stations along arcs of the transportation net-
work (Kuby and Lim 2007) or by introducing path devi-
ation tolerance of the drivers (Arslan et al. 2019). Bhatti 
et al. (2015) propose and solve a two-stage AFV refueling 
station location problem featuring an option to open 
more stations in the second stage after demand learning. 
In the context of HFVs, the literature commonly 

considers exogenous vehicle travel demand (Kang and 
Recker 2015, Brey et al. 2016). However, the volume and 
pattern of AFV flows are likely to be affected by the 
deployment of refueling facilities, especially in the early 
stage of adoption, which is the case of HFVs. To address 
this issue, Mahmutoğulları and Yaman (2023) maximize 
the flows of refueled alternative fuel vehicles, taking 
into account vehicle range limitations and drivers’ will-
ingness to deviate for refueling. The authors introduce 
the robust counterpart of the refueling station location 
problem, incorporating the decision-dependency flow 
uncertainty set. Although sharing a similar spirit of con-
sidering drivers’ willingness of deviation, we instead 
use a distributional robust optimization approach in 
characterizing HFV adoption using the mean and 
covariance information of drivers’ random utility. Fur-
thermore, our study addresses the design of the hydro-
gen supply chain network, incorporating the power 
system with the dual objective of advancing green trans-
portation and mitigating energy curtailment.

The mobility system of AFVs is naturally interrelated 
with the power system because the grid is a major 
energy provider for AFVs. Yet, the literature of opera-
tion management and transportation has largely 
ignored the power grid when planning AFV infrastruc-
tures. Among very few exceptions, Qi et al. (2022) study 
the potential of shared autonomous EVs for enhancing 
the self-efficiency and resilience of solar-powered urban 
microgrids. Zhang et al. (2021) consider vehicle-to-grid 
electricity selling when planning an EV-sharing system 
and discuss its benefit for service providers, customers, 
the environment, and the electrical grid. However, all of 
these works abstract away important grid characteris-
tics, such as the network structure and power flow con-
straints. In contrast, using a direct current (DC) power 
flow model from the power system literature and real 
grid data, our work models electricity transmission in 
detail and accounts for the necessary grid upgrades in 
support of hydrogen production, aiming to better cap-
ture the interconnection between transportation and 
power systems. For reviews of the DC power flow 
model and its application on transmission planning, we 
refer readers to both Stott et al. (2009) and Hemmati et al. 
(2013).

Finally, our paper also relates to a line of works in the 
power system literature that study the coupling between 
transportation systems and electrical grid networks. For 
instance, Yang et al. (2014) study day-ahead scheduling 
and real-time dispatch for plug-in EVs. Yao et al. (2014) 
consider jointly planning a power distribution system 
and EV charging facilities using a multiobjective optimi-
zation model to maximize the captured traffic flow. Ali-
zadeh et al. (2016) study the impact of introducing a 
large number of EVs on power and transportation net-
works, and then, they propose a scheme to coordinate 
independent operators of these two networks toward 
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the socially optimal operating point. Zhang et al. (2017) 
propose a mathematical programming model to locate 
hydrogen refueling stations on a highway network, 
which considers grid reinforcement for supporting 
on-site hydrogen production. However, none of these 
works adequately address important behavior issues, 
such as endogenous vehicle adoption and drivers’ route 
choice, which are central for promoting HFVs and a 
major focus of this paper.

3. Hydrogen Supply Chain 
Network Design

We consider a social planner who aims to promote 
HFVs by configuring the hydrogen supply chain net-
work design and utilizing hydropower curtailment in a 
collection of regions. The goal of the planner is to achieve 
a prespecified level of HFV adoption, measured by 
VMT, at the minimum cost that consists of infrastructure 
investment and operating cost. To that end, the planner 
needs to decide which regions to serve such that the total 
HFV adoption level would meet the target. Also, the 
planner needs to build hydrogen plants and upgrade 
the supporting electricity transmission grid such that the 
hydrogen demand can be fulfilled in a cost-effective 
way. Below, we first describe the models of HFV adop-
tion and hydrogen demand in Section 3.1 followed by 
the hydrogen production and transportation modeling 
in Section 3.2 and the integrated optimization model in 
Section 3.3. A notational summary is available in Online 
Appendix A.

3.1. HFV Adoption and Hydrogen Demand
Suppose the planner considers deploying hydrogen 
refueling stations in a set I of nonoverlapping geographi-
cal regions (e.g., cities). We use binary decision variables 
xi for i ∈ I to indicate whether the planner chooses to 
build any HRS in region i (xi � 1) or not (xi � 0). If region 
i is chosen, the planner further decides the total (refuel-
ing) capacity of the hydrogen refueling stations yi (kilo-
grams (kg) per day) in this region.

For the scope of this study, we consider the set of 
round trips for drivers residing in region i. When the 
driver travels within region i, it is considered a round 
trip with both the origin and destination being i, repre-
sented by (i, i). If the driver travels to a sequence of desti-
nation regions i1, : : : , in distinct from i, the entire trip 
along with the return trip to region I is considered a 
round trip denoted by (i, i1, : : : , in, i). Define Ti as the col-
lection of trips that drivers residing in region i can 
undertake, and let T � ∪i∈ITi represent the overall set of 
trips. In the subsequent exposition, unless explicitly 
stated otherwise, all trips are considered round trips.

As discussed in earlier works (e.g., Kim and Kuby 
2012, Arslan et al. 2019, Mahmutoğulları and Yaman 
2023), drivers may deviate from their shortest paths of a 

trip for refueling. We then define an HFV route as the 
sequence of regions denoted by r. This route includes 
the destinations listed in trip t as well as required HRS 
stops Str ⊆ I that the driver visits to fulfill a trip. As 
explained below, the feasibility of an HFV route 
depends on the existence of HRSs in Str. For trip t ∈ T, 
we denote Rt by the set of such routes. For each route r, 
we denote the route length as lr. In Online Appendix B.1, 
we show the construction of sets Rt and Str based on the 
HFV range.

Note that whether a driver can take an HFV route is 
contingent upon the presence of the required HRS. That 
is, the route r is a feasible HFV route for trip t only if xk � 1 
for all k ∈ Str. Additionally, we assume that the driver 
opts for the shortest feasible HFV route if available; oth-
erwise, they choose an alternative travel mode. Such a 
route choice can be established by solving the following 
Problem (1) given HRS locations x:

(wtr)r∈Rt∪{0} � arg min
ωtr∈{0,1}

�
X

r∈Rt

lrωtr+ ltωt0 :
X

r∈Rt

ωtr+ωt0 � 1;

ωtr ≤ xk, ∀k ∈Str

�

, ∀t∈T,

(1) 

where binary variable wtr ∈ {0, 1} indicates whether dri-
vers choose HFV route r ∈ Rt for trip t , binary variable 
wt0 ∈ {0, 1} indicates whether drivers choose an alterna-
tive mode for trip t, and the parameter lt >maxr∈Rt lr 
denotes the penalty for the nonexistence of a feasible 
HFV route (e.g., the driver needs to choose an alternative 
mode). In Problem (1), if there exists a feasible HFV 
route for trip t, Problem (1) finds a feasible HFV route 
with the shortest length. If there is no feasible HFV route, 
Problem (1) returns wt0 � 1. The first set of constraints 
ensures that the drivers choose only one HFV route or 
the alternative mode. The second set of constraints 
requires that a route be chosen only if it is a feasible HFV 
route.

3.1.1. HFV Adoption. We characterize how the drivers 
decide on the adoption of HFVs in the presence of HRS 
deployment design x. Let qi denote the adoption rate in 
region I (i.e., the portion of drivers choose to use HFVs). 
We first assume that drivers in region i would adopt 
HFVs only if there is an HRS available in this region: 
that is,

qi ≤ xi, ∀i ∈ I: (2) 

We next consider the following satisficing behavior of 
HFV adoption. A key consideration for the driver con-
sidering HFV adoption is the convenience of accessing 
destination regions without necessitating substantial 
detours. These detours might be required because of the 
limited availability of HRSs and the HFV’s range. For 
prospective HFV users situated in region i, the 
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assessment of accessibility to a destination region j per-
tains to the round trip t � (i, j, i). Specifically, we intro-
duce a binary variable φij that indicates whether drivers 
in region i can travel to region j and return home using 
HFVs within a tolerance limit γ�for the route deviation 
(Kim and Kuby 2012, Arslan et al. 2019, Mahmutoğulları 
and Yaman 2023). In other words, φij � 1 when there 
exists a route r ∈ R(i, j, i) such that lr ≤ (1+ γ)dij, where dij 
is the round-trip distance between regions i and j. To 
this end, we introduce the constraints for φij below:
X

r∈R(i, j, i)

lrw(i, j, i)r + l(i, j, i)(w(i, j, i)0 +φij� 1) ≤ (1+ γ)dij,

∀i, j ∈ I, i ≠ j, (3a) 
(1+ γ)dij ≤

X

r∈R(i, j, i)

lrw(i, j, i)r + l(i, j, i)(w(i, j, i)0 +φij),

∀i, j ∈ I, i ≠ j, (3b) 
φii � xi, ∀i ∈ I, (3c) 
φij ∈ {0, 1}, ∀i, j ∈ I, (3d) 

where the parameter l(i, j, i) >max{(1+ γ)dij, maxr∈R(i, j, i) lr}. 
We can verify that if there is no feasible HFV route in 
Problem (1), we have 

P
r∈R(i, j, i)

lrw(i, j, i)r � 0 and w(i, j, i)0 

� 1, which leads to φij � 0 by Constraint (3a). If there 
exists a feasible HFV route (i.e., w(i, j, i)0 � 0), then φij � 0 
when 

P
r∈R(i, j, i)

lrw(i, j, i)r > (1+ γ)dij by Constraint (3a) and 
φij � 1 when 

P
r∈R(i, j, i)

lrw(i, j, i)r ≤ (1+ γ)dij by Constraint 
(3b). Finally, by definition, region i is accessible if there is 
an HRS (i.e., φii � xi).

Following the satisficing decision-making criteria 
(e.g., Simon 1957, He et al. 2017), we assume that a driver 
would adopt an HFV if the total utility from adopting an 
HFV exceeds an aspiration level bi. If region j is accessi-
ble by an HFV within the deviation limit γ, the driver 
residing in region i would enjoy utility aij, a random 
value that may depend on the frequency and value of 
these traveling records. Naturally, drivers are heteroge-
nous in their utility values for trips. We can thus view 
the utility vector ai � [aij]j∈I as a random vector that fol-
lows an underlying distribution P. The utility vector of 
each driver in region i can be seen as a sample indepen-
dently drawn from P. Thus, at the aggregate level, we 
can express the adoption rate as P[

P
j∈Iaijφij ≥ bi].

To evaluate this probability, the planner needs the 
complete information about P: the joint probability dis-
tribution of trip utility ai � [aij]j∈I for all i ∈ I. However, 
such perfect information is usually difficult, if not 
impossible, to obtain, especially in the planning stage 
when only limited data may be available (e.g., from sur-
veys). Nevertheless, partial information on ai (e.g., its 
mean and covariance matrix) is relatively easy to 
acquire. Therefore, we take the view from distribution-
ally robust optimization with known mean mi � [µij]j∈I 
and covariance matrix Si � [σ(ij1)(ij2)]j1, j2∈I of utility 

vector ai, which is a popular and practical setting in dis-
tributionally robust optimization (see, for example, El 
Ghaoui et al. 2003, Delage and Ye 2010, and He et al. 
2017). The planner considers an ambiguity set Pi consist-
ing of all distributions of ai with that same mean mi and 
covariance matrix Si, and then, the planner plans 
against the one from Pi that gives the worst-case (i.e., 
the lowest) HFV adoption rate. Then, together with (2), 
we can express qi as the worst-case adoption rate:

qi �
inf
P∈Pi

P
X

j∈I
aijφij ≥ bi

2

4

3

5, if xi � 1,

0, otherwise:

8
>><

>>:

(4) 

We obtain an explicit expression for the adoption rate 
Constraint (4) below as a direct result from El Ghaoui 
et al. (2003) and He et al. (2017).

Lemma 1. Constraint (4) is equivalent to the following:

qi �

(mT
i fi � bi)

2

fT
i Sifi + (m

T
i fi � bi)

2 , if mT
i fi ≥ bi and xi � 1,

0, otherwise,

8
<

:

(5) 

where fi � [φij]j∈I.

We can see from Lemma 1 that the adoption rate in 
region i is nonzero only when HRSs are deployed in this 
region, and the mean utility of adopting an HFV exceeds 
the aspiration level. Before proceeding, we would like to 
remark on our adoption rate model, which is related to 
the adoption rate model for the EV-sharing customers in 
He et al. (2017). First, both works model endogenous 
adoption behavior via drivers’ utility. In He et al. (2017), 
customers’ utility derived from adopting EV-sharing 
service directly depends on the coverage of service 
regions. Factors like vehicle range and drivers’ route 
choice, which might be important in practice, are not 
considered. In contrast, in our study, the driver’s utility 
is contingent on the accessibility of destinations by 
HFVs, constrained by the range of HFVs and influenced 
by the deployment of HRS. Second, both works consider 
the worst-case adoption rate among all distributions of 
the utility ai in the ambiguity set Pi. However, He et al. 
(2017) relax the worst-case adoption rate constraint as an 
inequality (e.g., see He et al. 2017, constraint 4 on p. 314), 
and in the optimal solution, qi is not guaranteed to be the 
worst-case adoption rate. By contrast, in our work, qi 
must be exactly equal to the worst-case adoption rate 
(see Constraint (4)), which eliminates the potential gap. 
This equality constraint introduces additional difficulty 
because it cannot be directly represented as a second- 
order cone (SOC) constraint as in El Ghaoui et al. (2003) 
or He et al. (2017), which relies on the inequality such that 
their reformulation only needs one set of second-order 
cone constraints. In our case, however, Proposition 1
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shows that this equality Constraint (5) can still be refor-
mulated by two sets of SOC constraints and using 
proper linearization techniques.

Proposition 1. Constraint (5) is equivalent to the follow-
ing set of constraints:

biui ≤
X

j∈I
µijφij, ∀i ∈ I, (6a) 

X

j∈I
µijφij ≤

X

j∈I
µijui + bi, ∀i ∈ I, (6b) 

�
�
�
�
�

�
�
�
�
�

qi � βi
2αi

�
�
�
�
�

�
�
�
�
�
2

≤ qi + βi, ∀i ∈ I, (6c) 
�
�
�
�
�

�
�
�
�
�

�qi � βi
2S

1=2
i fi

�
�
�
�
�

�
�
�
�
�
2

≤ 1� qi + βi, ∀i ∈ I, (6d) 

αi �
X

j∈I
µijɛijj � bivi, ∀i ∈ I, (6e) 

βi �
X

j1∈I

X

j2∈I
σ(ij1)(ij2)δij1j2 +

X

j1∈I

X

j2∈I
µij1µij2ɛij1j2 + b2

i vi

� 2bi
X

j∈I
µijɛijj, ∀i ∈ I, (6f) 

ui ∈ {0, 1}, ∀i ∈ I, (6g) 
(vi, xi, ui) ∈ A, ∀i ∈ I, (6h) 
(δij1j2 ,φij1 ,φij2) ∈ A, ∀i, j1, j2 ∈ I, (6i) 
(ɛij1j2 , vi,φij1 ,φij2) ∈ B, ∀i, j1, j2 ∈ I, (6j) 

where ui, vi,αi,βi,δij1j2 ,ɛij1j2 are auxiliary decision variables 
and where A and B are feasible regions characterized by linear 
constraints to be provided in (7) and (8), respectively:

A� {(v,x,u) ∈ {0,1}3 : v≥ 0, v ≤ x, v ≤ u, v≥ x+u�1},
(7) 

B� {(v,x,y,z) ∈ {0,1}4 : v≥ 0, v ≤ x, v ≤ y,
v ≤ z, v≥ x+y+ z�2}: (8) 

3.1.2. Hydrogen Refueling Demand. Now, we can con-
nect the HFV adoption and drivers’ route choices with 
hydrogen demand. Suppose parameter Nt is the poten-
tial rate of trip t ∈ Ti with origin/destination in region I; 
the realized rate of trip t would be Ntqi. Let parameter 
ηrk be the amount of hydrogen refueled in region k ∈ I 
when a driver travels along route r (ηrk � 0 if k is not in 
route r). By the definition of wtr in the route choice model 
in (1), a single trip t would generate 

P
r∈Rt
ηrkwtr amount 

of hydrogen demand in region k. Hence, the total hydro-
gen demand Dk in region k ∈ I can be written as Dk �P

i∈I
P

t∈Ti
Ntqi

P
r∈Rt
ηrkwtr. By replacing the bilinear term 

qiwtr with variable κtr, we can express this equation as 
the following constraint:

Dk �
X

t∈T

X

r∈Rt

Ntηrkκtr, ∀k ∈ I: (9) 

Furthermore, for t ∈ Ti, we enforce κtr � qiwtr using the 
following set of constraints:

κtr ≥ 0, ∀i ∈ I, t ∈ Ti, r ∈ Rt, (10a) 
κtr ≤ qi, ∀i ∈ I, t ∈ Ti, r ∈ Rt, (10b) 
κtr ≤ wtr, ∀i ∈ I, t ∈ Ti, r ∈ Rt, (10c) 
κtr ≥ qi +wtr� 1, ∀i ∈ I, t ∈ Ti, r ∈ Rt: (10d) 

To fulfill the demand, the decision of the refueling 
capacity in each region i, yi (kilograms per day), should 
be no less than the hydrogen demand: that is,

Di ≤ yi, ∀i ∈ I: (11) 

Let Yi be the maximum total capacity of HRSs allowed 
in region i. The following constraint ensures that no HRS 
will be deployed unless region i is selected:

yi ≤ Yixi, ∀i ∈ I: (12) 

Recall that the planner wishes to achieve a target level of 
HFV adoption measured by VMT. Let Γ ∈ [0, 1] be the 
VMT target, which is the percentage of VMT by HFVs. 
Suppose that st is the average mileage per trip t and that 
o(t) is the origin (and the destination) of trip t. The VMT 
target constraint can be written as
X

i∈I
qi
X

t:o(t)�i
Nt
X

r∈Rt

lrwtr ≥ Γ

 
X

i∈I
(1� qi)

X

t:o(t)�i
stNt

+
X

i∈I
qi
X

t:o(t)�i
Nt
X

r∈Rt

lrwtr

!

, 

where the left-hand side is the total realized VMT and 
the right-hand side is the target Γ�times the total VMT 
that can be potentially achieved by a combination of con-
ventional vehicles and HFVs. Note that κtr � qiwtr. We 
can reformulate the VMT constraint as

(1� Γ)
X

i∈I

X

t:o(t)�i
Nt
X

r∈Rt

lrκtr ≥ Γ
X

i∈I
(1� qi)

X

t:o(t)�i
stNt:

(13) 

To summarize, this subsection models the relationship 
between the HRS deployment decision x and drivers’ 
route choices, HFV adoption, and hydrogen demand. In 
what follows, we discuss how the planner can set up a 
hydrogen supply chain so as to fulfill the hydrogen 
demand efficiently.

3.2. Hydrogen Production/Transportation Joint 
with Grid Upgrade

To set up this hydrogen supply chain as illustrated in 
Figure 1, the planner needs to deploy hydrogen plants at 
appropriate locations. In addition, to support the elec-
tricity transmission for hydrogen production, parts of 
the existing transmission lines need to be upgraded to 
avoid line overloading. To achieve cost efficiency for the 
hydrogen supply chain, the locations of hydrogen plants 
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need to be carefully decided. On the one hand, building 
hydrogen plants near hydropower plants with spillage 
can better utilize the otherwise curtailed hydropower 
and save electricity cost, but it may incur higher hydro-
gen transportation cost because many hydropower 
plants are in remote mountainous regions far from 
major demand regions. On the other hand, placing 
hydrogen plants near demand regions reduces hydro-
gen transportation cost, but it may lead to higher grid 
upgrade cost because electricity needs to be transmitted 
through the grid over a long distance.

We first describe electricity transmission using the DC 
power flow model, which is prevalent in the grid expan-
sion planning literature (Latorre et al. 2003, Hemmati 
et al. 2013, O’Neill et al. 2013, Zhang et al. 2022). The 
transmission grid can be represented as an undirected 
graph denoted by G(N, L), where N is the set of nodes 
(which may not necessarily coincide with the set of 
regions I) and L is the set of lines. Electric power for 
hydrogen production flows through this network under 
the Ohms and Kirchhoff laws. For each node m ∈N, we 
use θm to denote its voltage angle, which is a decision 
variable. For each line (m, n) ∈ L, we use pmn to denote 
the power flow for hydrogen production on this line 
and bmn to denote its susceptance. Because the suscep-
tance is determined by the physical structure and mate-
rial properties of the capacitor, we regard bmn as a 
parameter, and we set the power flow pmn together with 
pc

m, ph
m, and pi

m (introduced below) as decision variables. 
Note that pmn can be positive or negative. If pmn > 0, then 
power flows from m to n and vice versa. The DC power 
flow equation states that the power through a line (m, n) 
is proportional to the difference of the voltage angles of 
nodes m and n, which is

pmn � bmn(θm�θn), ∀(m, n) ∈ L: (14) 

The power flows also satisfy the balance equation. That 
is, for each node, the total outflow through the lines plus 
the power consumption at this node equals the total 
inflow plus the power generation at this node, which 
yields the following constraint:
X

n∈N :
(m, n)∈L

pmn + pc
m �

X

n∈N :
(n, m)∈L

pnm + ph
m + pi

m, ∀m ∈ N,

(15) 

where pc
m is the power consumption of the hydrogen 

plant at node m, ph
m is the power generated by hydro-

power plants at node m, and pi
m is the power generated 

from other sources (e.g., coal-fired generation units) at 
node m. Notice that in our model, the power generation 
and transmission are only concerned with hydrogen 
production and that those for satisfying other base loads 
are omitted. This simplification is feasible because of the 
linearity of the DC power flow model.

Let decision variable zm denote the capacity of the 
hydrogen plant built at node m. The total power con-
sumed by the hydrogen plant is nonnegative, and it 
should not exceed its capacity:

0 ≤ pc
m ≤ zm, ∀m ∈ N: (16) 

The power generation of hydropower plants, ph
m, is lim-

ited by its available capacity (i.e., the maximum capacity 
minus the current power output). Let gh

m denote this 
available capacity of hydropower plants at node m. In 
our case study of Sichuan Province, the parameter gh

m 
corresponds to the curtailed hydropower capacity, 
which is the difference between what the hydropower 
plant could have output and what it actually outputs. It 
follows that

0 ≤ ph
m ≤ gh

m, ∀m ∈N: (17) 

The power transmission for hydrogen production 
imposes an extra burden on the grid transmission capac-
ity. To accommodate these extra power flows, parts of 
the transmission lines need to be reinforced. This infra-
structure investment is particularly necessary where the 
transmission is already congested because of excessive 
hydropower outputs. It is worth noting that if the cur-
rent transmission network possessed adequate capacity 
to supply hydrogen plants in demand regions, there 
would be neither hydropower curtailment nor the need 
to colocate hydrogen plants with hydropower sources. 
Our discussion revolves around the decision between 
expanding transmission capacity to enable more injec-
tion of hydropower that would otherwise be curtailed or 
alternatively, producing hydrogen on-site and subse-
quently transporting it to demand centers.

Let decision variable umn be the expanded capacity of 
line (m, n). Assuming that the lines are already strained 
by hydropower outputs (the case with nonstrained lines 
can also be easily incorporated but is less relevant to our 
problem), then the expanded capacity should be at least 
the absolute value of the power flow for hydrogen pro-
duction on this line:

�umn ≤ pmn ≤ umn, ∀(m, n) ∈ L: (18) 

Lastly, we describe hydrogen production and transpor-
tation. Suppose that the hydrogen plant at node m sup-
plies fmi kg of hydrogen to region i per day and that ρ�is 
the electricity-hydrogen conversion rate. Then, the daily 
power consumption of the plant at node m is related to 
its total hydrogen supply via the following equation:

τpc
m � ρ

X

i∈I
fmi, ∀m ∈ N, (19) 

where parameter τ�is used to unify the timescale (i.e., 
τ� 24 hours/day to convert hourly rates into daily rates).
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The hydrogen transported to each region should meet 
its demand. That is,

Di �
X

m∈N
fmi, ∀i ∈ I: (20) 

Recall that Di is the hydrogen demand of region i and 
that the right-hand side is the sum of hydrogen supply 
from all hydrogen plants. Below, we discuss the inte-
grated optimization model for the design of a hydrogen 
supply chain network, building upon the discussions 
presented earlier.

3.3. The Integrated Optimization Model
Recall that the goal of the planner is to design hydrogen 
infrastructures at the minimum cost that consists of infra-
structure investment and operating cost, subject to the 
VMT target Constraint (13). Suppose that cr

i , cp
m, and cu

mn 
are the annualized unit capacity costs of hydrogen refuel-
ing stations, hydrogen plants, and transmission line 
upgrades, respectively. Let ch

m and ci
m be the unit costs of 

electricity generated by hydropower plants and from 
other conventional sources, respectively. Let ct

mi be the 
unit hydrogen transportation cost from node m to region 
i, and let ξ�� 365days/year be the factor that converts 
daily cost into yearly cost. The planning problem can first 
be formulated as a bilevel optimization problem:

min
X

i∈I
cr

i yi +
X

m∈N
cp

mzm +
X

(m,n)∈L
cu

mnumn

+ ξτ
X

m∈N
(ch

mph
m + ci

mpi
m) + ξ

X

m∈N

X

i∈I
ct

mifmi
(21) 

s:t: (wtr)r∈Rt∪{0} � arg min
ωtr∈{0,1}

�
X

r∈Rt

lrωtr + ltωt0

:
X

r∈Rt

ωtr +ωt0 � 1;ωtr ≤ xk, ∀k ∈ Str

�

,

∀t ∈ T, 
Constraints (2)–(3d), (6a)–(20), 
θm, pi

m, fmi ≥ 0, ∀i ∈ I, m ∈N:

In the above formulation, the objective is to minimize 
the total annualized cost, which includes the cost of 
building HRSs and hydrogen plants, the cost of trans-
mission line upgrades, the cost of electricity, and the cost 
of hydrogen transportation. The lower level of the opti-
mization problem considers the route choice and mode 
choice for each trip t ∈ T as discussed in Problem (1). We 
extend the lower problem for each t ∈ T as a Route- 
Choice-Integer Programming (RC-IP):

(RC-IP) min
X

r∈Rt

lrwtr + ltwt0 (22a) 

s:t:
X

r∈Rt

wtr +wt0 � 1, (22b) 

wtr ≤ xk, ∀r ∈ Rt, k ∈ Str, (22c) 

wtr ∈ {0, 1}, ∀r ∈ Rt ∪ {0}: (22d) 

The dual problem, Route-Choice-Dual (RC-D), to the lin-
ear relaxation of (RC-IP), is given by

(RC-D) max λt �
X

r∈Rt

X

k∈Str

xkπrk (23a) 

s:t: lr ≥ λt �
X

k∈Str

πrk, ∀r ∈ Rt, (23b) 

lt ≥ λt, (23c) 
πrk ≥ 0, ∀r ∈ Rt, k ∈ Str: (23d) 

We provide the following lemma to characterize drivers’ 
optimal route and mode choice.

Lemma 2. Suppose all route lengths lr are distinct. A feasi-
ble solution (wtr)r∈Rt∪{0} to (RC-IP) is optimal if and only if 
there exists a feasible solution (λt, (πrk)r∈Rt, k∈Str

) to (RC-D) 
such that

X

r∈Rt

lrwtr + ltwt0 ≤ λt�
X

r∈Rt

X

k∈Str

xkπrk: (24) 

As a consequence, we can use Condition (24) in 
Lemma 2 together with Constraints (22b)–(22d) in (RC- 
IP) and Constraints (23b)–(23d) in (RC-D) to define the 
optimal route choices by drivers. To deal with the bilin-
ear term xkπrk in (24), we further introduce auxiliary var-
iable ψrk and replace (24) with the following constraints:

X

r∈Rt

lrwtr + ltwt0 ≤ λt�
X

r∈Rt

X

k∈Str

ψrk, (25a) 

ψrk ≥ 0, ∀r ∈ Rt, k ∈ Str, (25b) 
ψrk ≤ πrk, ∀r ∈ Rt, k ∈ Str, (25c) 
ψrk ≤ Mxk, ∀r ∈ Rt, k ∈ Str, (25d) 
ψrk ≥ πrk�M(1� xk), ∀r ∈ Rt, k ∈ Str, (25e) 

where M is a big constant. (In our case study in Section 
4, we find that the choice of the M value does not bottle-
neck the computational efficiency, and thus, we simply 
set M � 105.)

Finally, the integrated optimization problem can be 
reformulated as the following mixed-integer second- 
order cone program, whose detailed formulation is 
deferred to Online Appendix B.2.1:

min
X

i∈I
cr

i yi +
X

m∈N
cp

mzm +
X

(m,n)∈L
cu

mnumn

+ ξτ
X

m∈N
(ch

mph
m + ci

mpi
m) + ξ

X

m∈N

X

i∈I
ct

mifmi

s:t: Constraints (2)–(3d), (6a)–(20),
Constraints (22b)–(22d), (23b)–(23d), (25a)–(25e),

∀t ∈ T,
θm, pi

m, fmi ≥ 0, ∀i ∈ I, m ∈N: (26) 

In Problem (26), aside from the SOC Constraints (6) and 
(1), all other constraints and the objective function are 
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linear in the decision variables. This MISOCP formula-
tion can be efficiently solved using optimization soft-
ware, such as Gurobi, which supports branch-and- 
bound and interior point methods. For a thorough 
review of second-order cone programming, we refer 
readers to Alizadeh and Goldfarb (2003).

For the sake of clarity, our model development 
focuses on a single-period setting. Nevertheless, the trip 
demand of drivers and the available capacities of power 
plants in practice can vary on different timescales (e.g., 
hours, days, weeks, and months). To incorporate such 
variability over different time periods, the planner can 
extend the above formulation to a multiperiod model by 
setting a different set of relevant parameters and deci-
sion variables for each period. We present a detailed for-
mulation for the multiperiod model in Online Appendix 
B.2.2.

4. Case Study of HFV 
Infrastructure Planning

In this section, we apply the integrated optimization 
model in Section 3 to the case of Sichuan Province in 
China and develop managerial insights on the dual ben-
efit of reducing renewable energy curtailment and 
developing green transportation by promoting HFVs. 
We first describe the settings of our case study, and then, 
we study the following key questions. (i) What is the 
optimal infrastructure planning for the hydrogen supply 
chain under various VMT targets? (ii) What factors influ-
ence the efficiency of HFVs in reducing hydropower 
curtailment? (iii) Which option—HFVs or EVs— 
presents a more viable solution to attain the desired dual 
benefit?

4.1. Hydropower Curtailment and Power 
Transmission in Sichuan Province, China

Sichuan is a province located in southwest China with 
21 prefecture-level cities and a total population of 83.68 

million (in 2021). Figure 3(a) shows the map of the cities, 
which are numbered by their population in descending 
order. For example, city #1 (Chengdu) is the capital city 
of Sichuan Province, and it has the largest population 
and highest per capita gross domestic product. As we 
can see, the most populated cities are located in the east-
ern part of the province, which is called the Sichuan 
Basin, a lowland region surrounded by mountains on all 
sides.

Sichuan Province is also rich in hydropower. The 
installed hydropower capacity in Sichuan Province is 
over 76 GW, which accounts for about 80% of the total 
installed capacity and contributes more than 85% of elec-
tricity generation of the province (Sichuan Provincial 
Economic and Information Department 2020). The 
hydropower in Sichuan Province is most abundant from 
May to October when there is a large amount of rainfall. 
However, because of insufficient demand and limited 
transmission capacity, vast amounts of electricity curtail-
ment often occur during these months. In 2016, over 11 
TWh of hydropower was curtailed from May to Octo-
ber. Figure 3(b) illustrates the spatial distribution of 
hydropower curtailment in the electricity transmission 
network of Sichuan Province. However, different from 
Figure 3(a), where the majority of population is in the 
eastern part of Sichuan Province, Figure 3(b) shows that 
most of the curtailment happens in the southwestern 
region, where many hydropower plants are located in 
mountainous areas. Such a spatial mismatch between 
hydropower and population poses an immense chal-
lenge for curtailment reduction and HFV infrastructure 
planning.

In the case study, we consider the set of candidate 
regions I as the 21 prefecture-level cities in Sichuan Prov-
ince shown in Figure 3(a). We consider long-haul trans-
portation with at most two stops. The trip rate Nt for 
each t ∈ T is estimated using the gravity model, which is 
a commonly used method in the transportation 

Figure 3. (Color online) Population, Hydropower Curtailment, and the Transmission Grid in Sichuan Province 

(a) (b)

Notes. (a) Population. (b) Curtailment and transmission grid.
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literature (e.g., Ortúzar and Willumsen 2011). Following 
a similar approach of He et al. (2017), we use the trip dis-
tributions as proxies to utility parameters ai, and we 
obtain their mean mi and covariance matrices Si from 
the gravity model regression. The aspiration levels bi are 
set to be 0.9 for all cities. For details of the estimation pro-
cedure as well as other parameters about trips and 
hydrogen demand, see Online Appendix C.1.

For our grid network modeling, we use a unique and 
high-resolution grid data set from Sichuan Province 
including the structure and parameters of the high- 
voltage DC transmission grid. We also collect the data 
regarding the capacities and curtailment of the power 
plants in 2016. The original data set contains 234,386 
entries, involving 1,402 nodes and 3,501 lines at the volt-
age levels of 500, 220, and 110 kV, and it includes 
detailed parameters of the grid, such as base load, gener-
ator capacity, and line impedance. For the scope of this 
work, we choose to focus on the 500-kV interregion 
transmission grid, which has 54 nodes and 67 lines, as 
illustrated by the lines in Figure 3(b). As mentioned 
above, the hydropower curtailment in Sichuan Province 
exhibits clear seasonality. Therefore, we consider the 
multiperiod model in our case study. Based on the 
monthly total curtailment data in Figure 4, we divide a 
year into four periods: May and June (period 1), July and 
August (period 2), September and October (period 3), 
and November to April (period 4). We set the available 
capacities of hydropower plants in each period to be the 
sum of the curtailed capacities. The multiperiod model 
minimizes the sum of the costs weighted by the length 
of each period. More details are available in Online 
Appendix B.2.2.

We obtain electricity costs from the Sichuan Electricity 
Market Report (Sichuan Power Exchange Center 2020). 
According to the report, the average market price of oth-
erwise curtailed hydroelectricity is ch

m � $11.1/mega-
watt-hour (MWh), and the average price of electricity 
directly purchased from the grid is ci

m � $66.5/MWh. 
The cost parameters of infrastructures (HRS, hydrogen 
plant, and grid expansion) and hydrogen transportation 

are obtained from relevant literature and technical 
reports. The details are provided in Online Appendix 
C.1.5.

4.2. Proposed Infrastructure Design
We first investigate the optimal infrastructure design 
under different VMT targets. As described, the spatial 
distribution of hydropower curtailment and population 
in Sichuan Province exhibits an acute mismatch, which 
poses interesting questions regarding the design of the 
hydrogen supply chain network. 
• Where should HRSs be built: in populous cities to 

promote HFV adoption or near hydropower curtail-
ment sources to reduce hydrogen costs?
• Where should hydrogen plants be built: near 

hydropower curtailment nodes to save electricity and 
grid expansion costs or near demand regions to reduce 
transportation costs?

The answers to these questions may depend on the 
VMT target (i.e., the scale on which the planner wishes 
to promote HFVs). Therefore, we solve the optimization 
model with varying VMT targets Γ�ranging from 10% to 
90%. The computational time varies from 49 to 
258 seconds across instances (implemented in Gurobi by 
utilizing an AMD EPYC 7643 48-Core Processor with 8 
GB memory). Figure 5 shows four selected optimal 
infrastructure designs with low (10%, 30%) and high 
(50%, 70%) VMT targets, respectively. (The optimal 
designs under other VMT targets are available in Online 
Appendix C.2.)

The results show that the optimal deployment of HRSs 
displays different spatial patterns under low and high VMT 
targets. As the VMT target rises from 10%, the planning 
of HRSs and plants starts from the western part of Sich-
uan Province (e.g., cities #6 Liangshan, #18 Ya’an, #19 
Panzhihua, #20 Ganzi, and #21 Aba in Figure 5, (a) and 
(b)) outside of the Sichuan Basin so that the hydropower 
curtailment near those regions can be locally utilized 
(that is, the HRSs and plants are nearby). This design 
also suggests some HRSs in the medium-sized cities on 
the outskirts of the Sichuan Basin (e.g., cities #10 
Deyang, #13 Leshan, and #15 Meishan) because these cit-
ies have sizeable populations and are also not far away 
from nodes with hydropower curtailment (see Figure 5, 
(a) and (b)). Notably, in this case, the capital city 
Chengdu (#1) is not selected, although it has high trip 
demand.

When the target is high (Γ ≥ 50%), however, the capi-
tal city Chengdu (#1) emerges as the center of HFV trips 
and hydrogen consumption, with a significantly larger 
HRS capacity than other cities (see Figure 5, (c) and (d)). 
The high trip demand makes this capital city important 
to be selected for reaching the higher VMT target. More-
over, it is evident that in order to meet the higher VMT 
target, the design suggests the deployment of more HFV 
infrastructures (including both HRSs and plants) in large 

Figure 4. (Color online) Monthly Hydropower Curtailment 
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cities inside the Sichuan Basin, which is centered at 
Chengdu. To make the hydrogen production (shown by 
the hydrogen plants) close to the hydrogen demand 
(shown by HRSs), as shown in Figure 5(d), for example, 
a great effort should be made to upgrade the grid trans-
mission to bring the hydropower electricity to those 
hydrogen plants in those large cities. This is mainly 
because under the current cost estimates, it is more eco-
nomical to use transmitted (otherwise, curtailed) hydro-
power or local nonrenewable sources of electricity for 
hydrogen production than to logistically transport 
hydrogen over long distances. Furthermore, we conduct 
additional numerical experiments and find that the opti-
mal locations under one VMT target can be quite subop-
timal under another VMT target (we omit details for 
brevity). These results verify that defining the VMT tar-
get is crucial for planning hydrogen infrastructure.

4.3. Effectiveness in Curtailment Reduction
As we have discussed above, besides developing 
greener transportation, promoting HFVs can be an effec-
tive means to reduce hydropower spillage. Because of 
its cheap price, the otherwise curtailed electricity can be 
used to produce hydrogen at low cost. This advantage 
has been highlighted in many strategic hydrogen plans 
(e.g., the hydrogen plan of Sichuan Province) (Sichuan 
Provincial Economic and Information Department 
2020). Nevertheless, this cost advantage may be damp-
ened by the fact that using the otherwise curtailed 
hydropower can entail costly grid upgrades or long- 
distance hydrogen transportation. In comparison, 
directly purchasing electricity from the grid (often gen-
erated from local nonrenewable sources) for hydrogen 
production incurs a higher marginal cost but on the 
other hand, avoids transmission grid upgrade because 

Figure 5. (Color online) Optimal Infrastructure Designs Under Different VMT Targets 

Notes. (a) Target Γ � 10%. (b) Target Γ � 30%. (c) Target Γ � 50%. (d) Target Γ � 70%.
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the electricity is directly sourced at the node where the 
electricity is consumed.

Therefore, here we investigate which factors influence 
the efficiency of HFVs in reducing hydropower curtail-
ment. For this purpose, we compute the total curtail-
ment reduction ξτ

P
m∈Nph

m in the optimal solutions 
under different VMT targets, which we consider as the 
baseline scenario. Furthermore, we also consider three 
other scenarios by modifying parameters in the baseline: 
(1) doubling the grid upgrade cost cu

mn only, (2) reducing 
the cost of electricity directly purchased from the grid 
(ci

m) only, and (3) applying both modifications. The 
results are shown in Figure 6.

The results in Figure 6 show that promoting the adoption 
of HFVs can overall help in reducing hydropower curtailment, 
but the extent varies by the grid upgrade cost and the electric-
ity purchase cost. In the baseline and the first alternative 
scenario (i.e., high grid upgrade cost), curtailment reduc-
tion shows a positive trend across all VMT values. We 
also observe that the higher grid upgrade cost generally 
hinders curtailment reduction because utilizing the oth-
erwise curtailed hydropower becomes less favorable 
when the cost of the required transmission grid expan-
sion increases. The magnitude of this hindrance, how-
ever, is not very large in the current parameter setting. 
On the other hand, when the cost of electricity from 
other sources is low (in the second and third alternative 
scenarios), curtailment reduction only increases margin-
ally when the VMT target goes beyond 60%. This is 
because a moderate additional hydrogen demand is met 
mainly by using directly purchased electricity instead of 
otherwise curtailed hydropower. In this case, further 
pushing a high adoption rate for HFVs may not be too 
beneficial from the perspective of alleviating hydro-
power spillage. In summary, to achieve the dual benefit 
of reducing hydropower spillage and developing green 
transportation, the planner should carefully evaluate the 
relevant factors, such as grid upgrade cost and electricity 

purchase cost, and then, the planner should choose the 
right HFV adoption target.

4.4. HFVs or EVs as a Viable Solution
There is an ongoing debate on the pros and cons of EVs 
and HFVs, both of which represent significant advance-
ments in sustainable transportation technologies. HFVs 
excel in heavy-duty trucks and buses, whereas EVs 
dominate the personal and last-mile delivery sectors. 
For heavy-duty trucks, HFVs boast an impressive driv-
ing range of 500–800 km (Hyzon Motors 2023, Nikola 
2023b), surpassing the typical range of 160–530 km 
(Nikola 2023a, Volvo Trucks 2023) achievable by EVs. 
The refueling/charging time also introduces a signifi-
cant contrast. HFVs only take 5–20 minutes for refueling 
(Nikola 2023b) compared with the more time- 
consuming 90-plus minutes for EV charging (Nikola 
2023a). Additionally, hydrogen can be transported to 
various locations, which allows for strategic placement 
of HRSs in locations distinct from hydrogen plant sites. 
In contrast, transporting batteries over long distances on 
a large scale is not practical, and electric charging sta-
tions are constrained to be sited where adequate power 
grid capacity is available. On the other hand, EVs have 
higher energy efficiency than HFVs. Note that EVs draw 
electricity directly from the grid to power the motor 
without additional energy conversion. In contrast, HFVs 
involve a more intricate process, including water elec-
trolysis, hydrogen compression, and fuel consumption, 
as they transform electricity into hydrogen power for 
mileage. The distinctions between HFVs and EVs are 
outlined in Table 1.

To compare HFVs and EVs in terms of cost saving 
and curtailment reduction, we next examine various 
parameters for our case study. To mitigate the dispari-
ties in driving range and refueling/charging time, we 
set the driving ranges for both HFV and EV as 700 km 
and do not consider the refueling/charging time. Fur-
thermore, energy efficiency for EVs is set as ρ′ � 1:2 
kilowatt-hours (kWh)/km (Yahoo Finance 2022), and 
energy efficiency for HFVs is 8.0kg of hydrogen per 
100km as highlighted by McKinsey & Company (2022). 
The electrical energy needed to produce green hydrogen 
is quantified at 50kWh/kg of hydrogen (Hydrogen 
Newsletter 2023). The transportation per kilogram via 
tube trailers incurs costs of $7 per 1,000km (Energy 
Technology Network 2014), and the cost via pipelines is 
projected to be $0.3 per 1,000km (Enlit 2022). Mean-
while, the cost dynamics of hydrogen production and 
refueling infrastructure come into focus. We estimate 
the cost of a hydrogen plant at $400,000/MWh, based on 
values reported by (The Oxford Institute for Energy 
Studies 2022) in Jan 2022 (and adjusted for technological 
advancements). In the pursuit of efficient charging for 
EVs, WattEV constructs solar charging stations deliver-
ing 515km of range to a Class 8 tractor in 30minutes 

Figure 6. (Color online) Evaluating the Effectiveness in Cur-
tailment Reduction 
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(Clean Technica 2021), and they cost $10 million to 
build. Additionally, Tesla is seeking nearly $100 million 
from the United States to build nine electric semitruck 
charging stations along a route from the southern bor-
der of Texas to northern California (Bloomberg 2023). 
Therefore, in this study, we set the cost of a charging sta-
tion for heavy-duty trucks as $10 million, and we sum-
marize key parameters in Table 2.

Note that we have 54 nodes in the transmission grid 
and 21 regions for candidate refueling stations. For ease 
of comparison, we assume that EV charging in each 
region can be provided from the nearest node of the 
transmission grid network at no cost. The planning 
problem for EV is then formulated as follows:

min
X

i∈I
cr

i yi +
X

(m, n)∈L
cu

mnumn + ξτ
X

m∈N
(ch

mph
m + ci

mpi
m)

s:t: Constraints (2)–(3d), (6a)–(18), (22b)–(22d),
(23b)–(23d), (25a)–(25e),
τpc

mi
� ρ′Di=η, ∀i ∈ I,

θm, pi
m, fmi ≥ 0, ∀i ∈ I, m ∈ N:

(27) 

Recall that η � 0:08 kg/km represents the amount of 
hydrogen needed for each kilometer’s drive and that Di is 
the total hydrogen demand in region i ∈ I. We have Di=η�
representing the demand in mileage needed at region i 
and ρ′Di=η�as the required electric energy (megawatt- 
hours). We also remove ξ

P
m∈N
P

i∈Ict
mifmi and 

P
m∈Ncp

mzm from the objective of the HFV problem in (26) 
because there is no fuel transportation option or hydro-
gen plant construction involved for EV operations.

4.4.1. Efficiency Frontiers of HFV and EV. From a 
forward-looking perspective, it is expected that HFV 
transportation cost will be lowered (e.g., with the 
increasing availability of pipeline transportation). The 
construction cost for HRSs will also decrease. In this sec-
tion, we examine how these cost factors impact the deci-
sion between HFVs and EVs as a viable solution for 
curtailment reduction. We establish an efficiency fron-
tier by varying the hydrogen transportation cost and 
HRS construction cost, illustrated in Figure 7, for low 
(30%) and high (70%) VMT targets, respectively. To this 
end, we first solve for the minimum cost for promoting 
EVs from Problem (27). Subsequently, at each hydrogen 
transportation cost level, we identify the corresponding 
HRS cost under which the HFV Problem (21) implies the 
same total cost as the EV problem does.

From Figure 7, we observe that EVs offer an advantage 
when the hydrogen transportation cost and/or HRS cost are 
higher. Furthermore, this advantage becomes more evident 
with a higher VMT target, such as Γ � 70%, potentially 
because of EV’s higher energy efficiency in meeting 
higher energy demand. Consequently, EVs can be a 
favorable choice when the government aims for wide-
spread adoption, especially under conditions of high 
HRS or hydrogen transportation costs. However, HFVs 
prove to be more cost effective than EVs in the status quo 
under both VMT targets. Recall that transporting hydro-
gen by tube trailer costs $7 per kilogram per 1,000km 
(Energy Technology Network 2014) and that the cost via 
pipelines is $0.3 per 1,000km (Enlit 2022). Based on the 
current estimate of HRS cost at $1.9 million (U.S. Depart-
ment of Energy 2020), HFVs are more cost effective at 
any reasonable hydrogen transportation cost level, as 
reported in Figure 7. Anticipated decreases in the 

Table 1. Comparison Between HFVs and EVs

Parameter HFV EV

Environmental impact Zero emissions at the tailpipe; dependent 
on hydrogen production

Zero emissions at the tailpipe; dependent 
on electricity source and battery 

production
Main purposes Heavy-duty trucks and buses Personal and last-mile delivery vehicles
Driving range (heavy-duty trucks) 500–800 km 160–530 km
Refueling/charging time 5–20 minutes >90 minutes
Vehicle efficiency Lightweight fuel cell Heavy battery
Refueling/charging location Flexible infrastructure expansion Grid-bound infrastructure
Energy efficiency Low High

Table 2. Parameters for HFVs and EVs in the Case Study

Parameter HFV EV

Driving range (heavy-duty trucks) 700 km 700 km
Energy efficiency 50 kWh/kg, 8 kg/100 km 120 kWh/100 km
Fuel transportation cost per 1,000 km Tube trailer $7/kg; pipeline $0.3/kg Not available
Fuel production infrastructure cost Hydrogen plant: $400 k/MWh —
Refueling/charging station cost $1.9 million $10 million

He et al.: Infrastructure Planning for Hydrogen Fuel-Cell Vehicles 
14 Manufacturing & Service Operations Management, Articles in Advance, pp. 1–18, © 2024 INFORMS 

D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
s.

or
g 

by
 [

14
9.

10
2.

98
.5

7]
 o

n 
08

 A
ug

us
t 2

02
4,

 a
t 0

2:
08

 . 
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y,

 a
ll 

ri
gh

ts
 r

es
er

ve
d.

 



hydrogen transportation cost (e.g., via pipelines) and the 
HRS cost are expected to generate more cost savings.

4.4.2. Performance Comparison Under Grid Con-
straints. Our system designs permit the import of elec-
tricity, which has the potential to compromise the goal 
of achieving 100% renewable energy usage as imported 
electricity may originate from coal sources. Thus, it is 
important to investigate the extent to which renewable 
energy can be utilized. Moreover, we also explore the 
optimal VMT targets that can be achieved without either 
electricity importation or grid upgrades.

Figure 8 displays the total costs incurred and the cur-
tailment reduction achieved for HFVs and EVs when no 
grid upgrade is available but when the import of elec-
tricity is allowed. We notice that the total costs of HFVs 
and EVs remain comparable across different VMT targets, 
whereas the total curtailment reduction for HFVs significantly 
exceeds that of EVs. This discrepancy results from the 

increased flexibility that hydrogen’s transportability 
makes possible. Hydrogen’s transportability allows for 
the strategic placement of hydrogen plants near sources 
of curtailment, thereby facilitating better utilization of 
hydropower while allowing HRSs to be positioned in 
densely populated demand regions. In contrast, for EV 
charging, effectively utilizing the curtailed energy with-
out grid upgrades is challenging. A significant portion 
of its energy needs to be sourced from imported electric-
ity. On the other hand, the lower energy efficiency of 
HFVs requires more electricity to achieve VMT targets. 
As a result, the costs of purchasing electricity balance 
out the savings from the flexibility that hydrogen trans-
portation offers.

To examine the possibility of a 100% renewable sys-
tem, we further consider the models with no electricity 
imported or grid upgrade. During the dry season (i.e., 
period 4 in Figure 4), hydropower curtailment is nonex-
istent, whereas the demand for transportation remains 

Figure 7. (Color online) Comparison Between EVs and HFVs on the Total Cost Under Different Hydrogen Transportation Costs 
and VMT Targets 

(a) (b)

Notes. (a) Target Γ � 30%. (b) Target Γ � 70%.

Figure 8. (Color online) Total Cost and Curtailment Reduction with No Grid Upgrade 

(a) (b)

Notes. (a) Total cost. (b) Total curtailment reduction.
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less affected by seasonal changes. Consequently, neither 
HFVs nor EVs can meet any positive VMT targets with-
out the import of electricity. Suppose a peak-shaving 
method based on spillage adjustment (e.g., Abdelfattah 
et al. 2023) can transfer 10% of the curtailed power to the 
dry season such that a fully renewable system can be 
possible throughout the year. With the adjusted hydro-
power curtailment, we analyze the highest VMT targets 
that can be obtained by EVs and HFVs without grid 
upgrade or electricity import in Figure 9. We note that 
promoting EVs as a means to reduce energy curtailment 
incurs higher costs, and it can only achieve the VMT tar-
get up to a maximum of 6%. In contrast, the promotion 
of HFVs can achieve targets up to 16% at comparatively 
lower costs. The advantage of HFVs is also attributed to 
the flexibility provided by hydrogen transportation, 
leading to cost savings and enabling support for higher 
demand at dispersed locations. In summary, HFVs out-
perform EVs in reducing curtailment in a renewables- 
dominant power system without the need for grid upgrade and 
can attain higher VMT targets than EVs, particularly in the 
face of seasonal variations in hydropower curtailment.

5. Conclusion
HFVs have been proposed as a promising green trans-
portation technology to help decarbonize the transpor-
tation sector and enable renewables to make a greater 
contribution to the energy systems. However, the lack 
of refueling infrastructure, the spatial mismatch 
between renewable energy sources and hydrogen 
demand, and the strained power transmission system 
all pose grand challenges to the promotion of HFVs. 
Solving these challenges requires a crossdisciplinary 
approach to account for important and interrelated fac-
tors in both transportation and power systems, such as 
drivers’ vehicle adoption, hydrogen production and 
distribution, electricity transmission, and grid upgrade. 
To address these challenges, we propose an integrated 

model of transportation and power systems for plan-
ning supporting infrastructures. In particular, we 
explicitly model drivers’ route choice and vehicle adop-
tion that depends on HRS deployment. We also model 
the hydrogen supply chain, in which the electricity 
transmission and the grid upgrade are modeled using 
the DC power flow model. Using a distributionally 
robust optimization framework to address uncertainty 
in drivers’ utility, our model can be reformulated as a 
computationally efficient MISOCP.

We apply our model to the case of Sichuan Province, 
where the vast amount of hydropower curtailment pro-
vides a great opportunity for promoting HFVs. Based on 
real data, our proposed solution suggests different infra-
structure designs for different levels of the VMT target. 
Also, we evaluate the effectiveness of promoting HFVs 
in reducing hydropower curtailment, and we discuss 
relevant factors that affect the effectiveness, such as grid 
upgrade cost and electricity purchase price. In addition, 
we compare HFV and EV from various aspects; we see 
that EVs are advantageous under high hydrogen trans-
portation cost and/or HRS cost, especially when the 
VMT target is high. However, HFVs are more cost effec-
tive under the current cost estimates, and this strength is 
likely to enhance with anticipated hydrogen-related cost 
reductions. Furthermore, when no grid upgrade or elec-
tricity import is permitted, HFVs outperform EVs in cur-
tailment reduction by achieving higher VMT targets 
than EVs under seasonal variations in hydropower cur-
tailment. Although this research primarily addresses 
promoting HFVs and reducing hydropower curtailment 
in Sichuan Province, our model can be potentially 
applied to other scenarios that involve other types of 
vehicles (e.g., plug-in electric vehicles) and energy 
sources (e.g., wind and solar).

To further bring out the potential of HFVs, several 
research questions are worth exploring. For example, our 
paper considers making up-front infrastructure planning 
decisions. However, as the HFV market is nascent and 
still developing, it will be desirable to consider an adap-
tive decision-making scheme for multistage infrastruc-
ture planning. In addition, although our work focuses on 
strategic decisions of designing the HFV infrastructure, it 
is also interesting to study optimizing the operations 
of HRSs and hydrogen plants together with real-time 
alternating current (AC) power grid control. Because our 
work takes the perspective of a central planner, one may 
alternatively consider the coordination between the grid 
operator, the hydrogen producer, and the refueling ser-
vice provider as independent decision makers and study 
the implications. More broadly, our crossdisciplinary 
modeling framework may extend to synergize with other 
integrated supply chain design models for hydro and 
energy systems (e.g., Rafique et al. 2017, Wu and Ouyang 
2017, Mun et al. 2021) toward building smart and con-
nected infrastructures for the next generation.

Figure 9. (Color online) Total Cost vs. VMT Target with No 
Grid Upgrade or Imported Electricity 
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