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Abstract

As the decarbonisation of transport continues, hydrogen fuel cell vehicles (HFCVs) are
attracting increasing attention, particularly in heavy-duty and high-utilisation applica-
tions where long operating ranges and rapid refuelling are required. Transferring HFCVs
from individual demonstrations to large-scale fleet operation, however, depends on the
joint performance of vehicles, hydrogen supply, refuelling infrastructure and operational
management. Our study examines the technical and operational feasibility of large-scale
hydrogen mobility using the Beijing 2022 Winter Olympic and Paralympic Games as a case
study. The analysis covers vehicle deployment and scenario matching, hydrogen produc-
tion and road distribution, refuelling infrastructure, digital monitoring, fleet coordination,
and operational performance under extreme winter and mountainous conditions. More
than 1200 HFCVs operated for 52 days across over 80 routes and accumulated more than
3.5 million vehicle-kilometres, supported by 11 hydrogen refuelling stations and approxi-
mately 20 t d−1 of hydrogen production capacity. The case study shows that successful fleet
operation depended on matching vehicle configurations to transport tasks, coordinating
hydrogen supply with refuelling demand, maintaining redundancy across the supply
network - and integrating real time monitoring with fleet dispatch. These findings help to
identify the main technical and operational conditions for large-scale hydrogen mobility
and provide practical guidance for centralised applications, such as public transport, shuttle
services and logistics fleets.

Keywords: hydrogen fuel cell vehicle; hydrogen mobility system; Beijing Winter Olympics;
extreme winter operation; hydrogen value chain; hydrogen refuelling infrastructure; digital
monitoring; case study

1. Introduction
The decarbonisation of road transport has increased interest in hydrogen and fuel

cell technologies as alternatives to fossil-fuel-based powertrains [1]. Hydrogen fuel cell
vehicles (HFCVs) offer long driving ranges and relatively short refuelling times, making
them particularly relevant to heavy-duty and high-utilisation transport applications where
continuous operation is required [2]. As HFCVs move beyond small-scale demonstrations,
their deployment increasingly depends on the availability of hydrogen supply, refuelling
infrastructure, and operational support. The practical performance of a hydrogen fleet is
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therefore determined by the operation of the wider mobility system rather than by vehicle
specifications alone.

Hydrogen mobility has a distinct but conditional role within transport decarboni-
sation. HFCVs produce no carbon dioxide from onboard fuel conversion [3]. They also
avoid conventional tailpipe pollutants [4]. Their well-to-wheel advantage depends on the
hydrogen production route [5]. Compression and delivery conditions further influence
life-cycle performance [6]. Vehicle utilisation then determines how this upstream burden
is distributed across transport service [7]. Relative to diesel, this creates a route to lower
operational emissions and local air-pollution exposure. Relative to battery-electric vehi-
cles, the principal value is not universal energy efficiency, but the combination of high
gravimetric energy density [1]. Short refuelling time provides an additional operational
advantage [2]. Lower dependence on long charging dwell can preserve range, payload,
and vehicle availability in heavy-duty or high-utilisation service [4]. These characteristics
are most relevant to buses, long-distance or inter-zone shuttles, logistics fleets, and other
centrally managed vehicles with high daily mileage, constrained turnaround time, and
predictable depot or corridor refuelling. Battery-electric vehicles may remain preferable
where routes are shorter, charging dwell is available, and electricity can be supplied directly.
Hydrogen should therefore be evaluated as a complementary option for duty cycles in
which range, payload, and rapid fleet turnaround outweigh its higher conversion and
infrastructure requirements.

Previous studies have examined several aspects of HFCV development. Research
on hydrogen mobility has identified infrastructure availability, cost, technology maturity,
and market development as important factors affecting HFCV adoption [8]. Studies of
heavy-duty fuel cell vehicles have focused on powertrain technologies, vehicle configura-
tions, application scenarios and technical challenges [9], while other work has evaluated
vehicle performance, emissions, and economic characteristics under different transport
conditions [3]. Hydrogen production, storage, and distribution have also received consid-
erable attention because fuel availability and delivery directly affect vehicle operation [10].
Hydrogen refuelling stations form the interface between supply and fleet demand, while
station capacity, location, pressure compatibility and service performance influence vehicle
availability [11]. These studies provide a substantial technical basis for hydrogen transport,
but the operation of vehicles, hydrogen supply, refuelling facilities and fleet management
has often been examined separately. The shift from individual vehicles to large fleets
creates a different operational problem. Hydrogen should be produced and delivered when
and where vehicles require it, while refuelling stations need to be able to accommodate
concentrated arrivals without disrupting transport schedules. Vehicle configuration also
has to reflect route distance, passenger demand, road conditions and available refuelling
opportunities. These requirements become more demanding in winter and in mountainous
environments. Low temperatures affect fuel-cell thermal management and vehicle energy
consumption, while high altitude, steep gradients, cabin heating and intensive service
schedules place additional demands on vehicle performance and energy supply [12]. Under
these conditions, fleet operation depends on the combined performance of the vehicles and
the infrastructure and management systems that support them.

The Beijing 2022 Winter Olympic and Paralympic Games provide a large-scale case
study in which these conditions occurred simultaneously. More than 1200 HFCVs were
deployed across the Beijing, Yanqing, and Zhangjiakou competition zones under temper-
atures approaching −30 ◦C, elevations of up to 2198 m, and gradients of up to 16%. The
fleet was supported by hydrogen production facilities, road distribution using tube trailers,
dual-pressure refuelling infrastructure, digital monitoring, and coordinated fleet manage-
ment. During the event, vehicles operated across a wide range of shuttle, inter-zone, and
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dedicated transport services, creating a real-world setting in which vehicle performance
and hydrogen supply had to be coordinated under intensive winter operations. This study
investigates the technical and operational feasibility of the Beijing 2022 hydrogen mobility
system. It examines the matching of vehicle configurations with transport requirements, the
organisation of hydrogen production and road distribution, the performance of refuelling
infrastructure and the role of digital monitoring and fleet coordination. Vehicle operating
records, hydrogen supply and refuelling records, monitoring data, technical documents,
and project materials are used to assess fleet operation and operational stage environ-
mental performance. The study uses this case to identify the technical and operational
conditions that supported large-scale HFCV deployment and to examine their relevance to
centralised hydrogen transport applications, including public transport, shuttle services
and logistics fleets.

Beijing 2022 was selected, because it combines fleet scale, a sustained operating period,
demanding winter and mountain routes, and all major links from hydrogen production
to vehicle dispatch within one event. Government reporting records more than 1200
HFCVs and over 3.2 million km of operation across the three competition zones [13]. The
official Games time inventory uses a narrower boundary and reports 816 hydrogen-fuelled
vehicles, including 140 MIRAI cars and 107 COASTER minibuses [14]. The project records
analysed here cover buses, minibuses, and passenger cars operating for 52 days on more
than 80 routes. Conditions included temperatures approaching −30 ◦C, elevations up to
2198 m, steep gradients, bends, and snow- or ice-affected roads [15]. The deployment
also connected hydrogen production, tube-trailer distribution, 35 and 70 MPa refuelling,
digital monitoring, and fleet dispatch; a broader regional inventory reported more than
30 refuelling facilities and a dedicated data platform [16]. The case therefore allows the
study to examine system coordination at fleet scale while retaining the boundaries of an
event specific operation.

This study addresses three questions: (RQ1) how were vehicle classes matched to
different service tasks and environmental conditions; (RQ2) how were hydrogen supply,
road distribution, refuelling, monitoring, and dispatch coordinated to maintain transport
service; and (RQ3) which operating lessons can be transferred to other centrally managed
fleets, given the limits of the available records? The analysis reconstructs the system
configuration, evaluates the indicators supported by consistent data, and distinguishes
event-specific arrangements from more widely applicable operating practices.

2. Research Design and Methods
2.1. Case Study Design and Data Sources

This study examines the hydrogen mobility system deployed for the Beijing 2022
Winter Olympic and Paralympic Games. The analysis covers fuel-cell buses and passenger
vehicles, hydrogen production and road delivery, refuelling infrastructure, digital monitor-
ing, and operational coordination (Figure 1). Table 1 defines the spatial, functional, and
temporal scope. The assessment addresses vehicle adaptation, fleet operation, hydrogen
supply and refuelling, monitoring and coordination, and operational stage emissions.

Case study research is suitable for examining a contemporary system in its operating
context and for combining evidence from different sources [17]. It also treats the case
as a bounded, context dependent system [18] and relates empirical observations to an
explanatory account [19]. This study therefore uses a single case design with system level
explanatory aims. The Beijing 2022 hydrogen mobility system is the case, while fleet
deployment, hydrogen supply, refuelling, monitoring, and dispatch are examined as linked
components. The study reconstructs how these components operated together; it does not
test the causal effect of an individual component.

https://doi.org/10.3390/hydrogen7040147

https://doi.org/10.3390/hydrogen7040147


Hydrogen 2026, 7, 147 4 of 26

Figure 1. Research framework of the Beijing 2022 hydrogen mobility case study.

Table 1. Study scope of the Beijing 2022 hydrogen mobility case.

Scope Dimension Coverage

Spatial coverage Beijing, Yanqing, and Zhangjiakou competition zones and the hydrogen production,
road distribution, and refuelling facilities serving event transport

System coverage HFCV fleet, hydrogen production and road supply, refuelling infrastructure, digital
monitoring, and operational coordination

Study period Vehicle preparation and deployment, Olympic and Paralympic operations, and
directly related event records

Assessment content Vehicle adaptation, fleet operation, hydrogen supply and refuelling, monitoring and
coordination, and operational-stage emissions

The spatial boundary covers the Beijing, Yanqing, and Zhangjiakou competition zones.
The temporal boundary is the 52-day analytical window covering vehicle preparation and
Olympic and Paralympic operations together with directly related records. The functional
boundary includes the fleet, hydrogen production, road distribution, refuelling, monitoring,
dispatch, and operational emissions. Triangulation compared vehicle counts, dates, loca-
tions, capacities, mileage, dispensing events, alerts, and reported outcomes across source
categories. The analysis reconstructed the operating context, mapped vehicle classes to
service scenarios, traced the supporting value chain, calculated indicators with compatible
numerators and denominators, and compared the results with published evidence. This

https://doi.org/10.3390/hydrogen7040147

https://doi.org/10.3390/hydrogen7040147


Hydrogen 2026, 7, 147 5 of 26

design supports within case explanation and analytical transfer to similar centralised fleets,
but not statistical generalisation or component-level causal attribution.

Case selection was purposive. The scale made vehicle allocation, clustered returns, and
refuelling demand fleet-level problems. The 52 day period captured sustained operation
rather than a short demonstration, and the three-zone network included urban, inter-zone,
and mountain services with different routes and refuelling opportunities. The records also
cover the main technical and organisational links of the system: four principal suppliers,
more than 300 tube trailers, approximately 20 t d−1 of production capacity, 11 principal
stations, 35 and 70 MPa vehicle interfaces, and a cloud-based monitoring and dispatch plat-
form. Public reports give different totals because the Games time inventory uses a narrower
boundary [14], whereas the wider regional demonstration includes additional facilities [16].
These features make the case suitable for examining vehicle–scenario fit, temporal capacity
matching, redundancy, and digital coordination. Event-specific funding, reserve capacity,
and administrative support are considered when interpreting transferability.

Figure 1 defines the Beijing 2022 hydrogen mobility system as the case and shows how
operating context, supporting functions, evidence, and interpretation are connected.

Table 1 defines the spatial, functional, temporal, and assessment boundaries used to
select records for the analysis.

Tables 2 and 3 identify the evidence used for each part of the analysis and retain the
original time windows and denominators where reporting boundaries differ.

As shown in Tables 2 and 3, the analysis proceeded from transport demand and
environmental conditions to vehicle configuration and system support. Service scenarios
and route requirements were first used to reconstruct event demand. Vehicle classes and
technical configurations were then related to these requirements. Hydrogen production,
road distribution, refuelling services, and digital monitoring were examined alongside fleet
operation. Reported operating outcomes were assessed using descriptive indicators and
order-of-magnitude calculations where compatible data were available.

Table 2. Data sources and their analytical applications.

Data Source Representative Content Analytical Application

Vehicle planning and deployment
records

Service scenarios, vehicle
requirements, route characteristics,
and fleet allocation

Reconstruct vehicle selection and
deployment

Project technical documents
Vehicles, hydrogen production,
distribution, refuelling, and
monitoring technologies

Characterise technical configuration

Vehicle operating records
Fleet size, vehicle classes, mileage,
routes, service period, and operating
outcomes

Assess fleet operation

Hydrogen supply and refuelling
records

Production capacity, road
distribution, dispensed hydrogen
and refuelling events

Assess hydrogen supply and
refuelling service

Digital monitoring records Vehicle status, operational alerts, and
safety information

Assess monitoring and operational
support

Project and public materials Technical parameters and reported
event outcomes Cross check key information
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Table 3. Provenance, coverage and analytical use of quantitative data.

Data Type
Acquisition
Channel and

Source
Time Range Vehicle or Station

Coverage Core Variables Analytical Use and
Evidence Boundary

Fleet inventory
and activity

Project planning
and operating
records (restricted);
govern-
ment/Xinhua
release [13]

Preparation and
Games-related

operation; 52-day
analytical window

in the project
records

>1200 HFCVs;
categorised total of
1206; Beijing,
Yanqing and
Zhangjiakou; >80
routes

Vehicle count and
class, service days,
route count,
aggregate mileage
(>3.5 million km in
project records; >3.2
million km in [13])

Deployment scale,
fleet activity
indicators and
continuity; totals are
not merged when
reporting boundaries
differ

Games-time
vehicle

inventory

Beijing 2022
Post-Games
Sustainability
Report [14]

Games-time
official-vehicle

reporting period

816
hydrogen-fuelled
official vehicles,
including 140
MIRAI cars and
107 COASTER
minibuses

Vehicle technology,
class and Games
time mileage
reported for selected
groups

Independent cross
check of fleet
composition;
narrower
denominator than
the wider project
fleet

Route
allocation and

vehicle
specifications

Deployment plans,
technical
specifications and
project test records
(restricted); public
post-event report
[15]

Pre-Games testing
through event

operation

Zhangjiakou
allocation sample
(623 vehicle
assignments);
representative 12
m and 9 m buses;
212 inter-zone
buses in [15]

Users, route length,
gradient, vehicle
size, fuel-cell power,
storage
pressure/capacity,
range, rated
refuelling time and
cold-start
observations

Vehicle scenario
matching and
winter-readiness
interpretation; no
route-level load or
energy denominator

Hydrogen
production and
road logistics

Project technical
documents and
supply records
(restricted);
industry report
used for boundary
cross-check [16]

Event
configuration and
operating period

Four principal
suppliers, >300
tube trailers, 11
principal stations;
wider regional
inventories report
>30 facilities [16]

Nominal production
capacity (~20 t d−1),
production route,
trailer movement,
delivery distance
(~50–100 km),
pressure and
location

Supply architecture,
redundancy and
nominal
supply-demand
framework;
delivered daily mass
and peak inventory
are incomplete

Station
dispensing and

service

Hydrogen
supply/refuelling
logs (restricted);
trade media report
relaying
station/operator
data [20]

Station-specific 55
day operating
period in [20]

One representative
Jinlong station for
62,693 kg and 5098
events;
network-level
queue and
waiting-time
observations

Dispensed mass,
event count,
pressure, rated
refuelling time,
queue length,
waiting time and
continuous-
operation test

Mass per event and
station day
throughput; not a
fleet-wide hydrogen-
consumption or
station-utilisation
denominator

Digital
monitoring
and alerts

Cloud-platform
monitoring records
(restricted)

Event operating
period; monitoring

start/stop times
not consistently

available

724 monitored
vehicles; 142
recorded alerts

Alert count and
category, vehicle
status and safety
information; unique
vehicle-event linkage
incomplete

Monitoring coverage
and alert intensity;
cannot estimate
unique vehicle
failure probability or
downtime

Service
outcomes and

operational
emissions

Fleet operating
records and project
documentation
(restricted);
government
release used for
emissions
cross-check [13]

Event operating
period

Aggregate fleet
and assigned
transport services

Mileage,
scheduled-service
outcomes, reported
on-time
performance,
incidents,
interruptions and
reported CO2
avoidance (>2.6 kt)

Operational
continuity and
tailpipe
counterfactual check;
trip denominator
and upstream
emissions are
unavailable
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Table 3. Cont.

Data Type
Acquisition
Channel and

Source
Time Range Vehicle or Station

Coverage Core Variables Analytical Use and
Evidence Boundary

External
comparison

datasets

NREL fleet report
[21].
Dynamometer
energy study [22].
Real-world bus
energy study [23].
Toyota event
report [24]. Paris
2024 sustainability
report [25].
Refuelling-station
sizing study [26].
Refuelling-
scheduling study
[27]. Real-world
fleet study [28].
Lifecycle pathway
study [29].

2014 and
2025–2026

publications;
comparator
observation
periods vary

Whistler buses,
recent fuel-cell and
battery-electric
buses/trucks,
Tokyo 2020 and
Paris 2024 fleets

Hydrogen
consumption,
availability,
load/HVAC effects,
life cycle emissions,
costs and
infrastructure
scheduling

Contextual
comparison only; not
pooled with Beijing
data because vehicle
classes, duty cycles
and system
boundaries differ

Interview
evidence

No structured
interview dataset
was documented
for the quantitative
analysis;
stakeholder
quotations in
public news
reports were
treated as
secondary context

Not applicable

No defined
interview sample,
role distribution or
site coverage

No interview
derived quantitative
variable was used

Excluded from
quantitative
denominators;
interview protocols,
dates and
respondent metadata
would be required
for reproducible use

2.2. Evaluation Framework and Analytical Procedures

The evaluation covered vehicle scenario fit, fleet operation, hydrogen supply and
refuelling, digital monitoring, and operational emissions. The four equations below can be
directly applied to system sizing, supply adequacy analysis, reliability monitoring, and
operational emissions estimation.

Fleet hydrogen demand across m vehicle classes was calculated as:

Hd =
m

∑
i=1

NiDiCi
100

(1)

where Hd is total hydrogen demand (kg), Ni is the number of vehicles in class i, Di denotes
the mean distance per vehicle (km), and Ci is hydrogen consumption (kg/100 km). A
complete estimate requires class-specific distance and consumption data; aggregate mileage
cannot replace missing disaggregated records.

Hydrogen-supply adequacy was evaluated using a dimensionless ratio.

Sh = Hs/Hd (2)

where Hs is hydrogen available during the same period. Values above 1 indicate nominal
supply above demand, whereas values below 1 indicate a deficit. Supply and demand
must use the same temporal resolution because daily capacity can conceal peak constraints.
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Alert intensity, expressed as alerts per monitored vehicle, was calculated as:

Ra =
nalert

Nmonitored
(3)

where nalert is the number of recorded alerts and Nmonitored is the monitored fleet. The ratio
was 0.196 alerts per vehicle, based on 142 alerts from a total of 724 vehicles, and it is an
intensity indicator. Repeated alerts from individual vehicles preclude its use as a failure
probability.

Operational carbon dioxide avoidance was estimated as:

Er =
m

∑
i=1

NiDi(EFd,i − EFh,i) (4)

where EFd,i and EFh,i are distance specific emission factors for matched diesel and HFCV
classes. Under a tailpipe only analytical scope, EFh,i is zero. Applying the reported bus-
equivalent diesel factor to aggregate mileage produced a value of approximately 2.66 kt,
consistent with the reported reduction of above 2.6 kt. Because the fleet contained several
classes and upstream data were incomplete, this was only an order-of-magnitude check.

The indicators supported descriptive assessment. Within this scope, ratios were
interpreted as checks on scale, capacity alignment and operational intensity, providing a
practical basis for system-level evaluation. A reported absence of interruption was treated
as an event outcome, while alert counts were treated as signals requiring classification
and were excluded from direct reliability measurement. This approach preserves the
information contained in the project records, maintains analytical precision consistent with
the data structure, and supports the identification of operational patterns relevant to fleet
management.

3. System Configuration and Operating Conditions
3.1. Event Transport Demand and Environmental Constraints

Transport services during the Beijing 2022 Winter Olympic and Paralympic Games
encompassed arrivals and departures, inter-zone transport, in zone shuttles, and ceremony-
related services for athletes, officials, media, staff, volunteers, partners, and spectators.
Routes differed considerably in terms of distance, passenger demand, service frequency
and priority, resulting in a heterogeneous set of operating conditions across the fleet. Fleet
scheduling had to account for both total energy requirements and periods of concentrated
refuelling demand. Vehicle departures, route completion times, and returns to refuelling
stations were closely linked, particularly during peak service periods. Route planning
therefore considered vehicle range, reserve requirements, station location, and expected
return times together with passenger-service schedules. Hydrogen supply and transport
scheduling were consequently managed as connected operational tasks rather than as
separate planning activities.

The most demanding conditions occurred in the mountainous competition zones,
where temperatures approached –30 ◦C, elevations reached 2198 m, and road gradients
were as high as 16%. Vehicles also operated on icy roads, and had to negotiate sharp
bends and sustained climbs. These conditions placed additional demands on cold starting,
cabin heating, traction, hill holding, driving range, and refuelling. Project testing included
cold-weather operation, tight-radius turning, and sustained climbing, consistent with
previous studies showing that thermal management and stack temperature control strongly
influence fuel-cell vehicle performance under winter conditions [30]. Figure 2 summarises
the full hydrogen value chain.
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Figure 2. The full hydrogen value chain.

Figure 2 shows the physical and information flows linking transport demand, fleet
deployment, hydrogen supply, refuelling, monitoring, and system assessment. Taken
together, the operating conditions define a duty cycle envelope rather than a single winter
test point. Temperature, elevation, gradient, route length, passenger demand and return
time jointly determined the traction, heating and refuelling requirements faced by each
vehicle. The evidence therefore supports classification of the operating tasks by severity
and service pattern, but it does not support an optimised allocation because passenger
loads, trip frequencies and route level hydrogen use were not recorded on a common
denominator.

3.2. Fleet Deployment and Hydrogen Supply Infrastructure

The reported fleet exceeded 1200 vehicles and included buses, Coaster type minibuses
and MIRAI (hydrogen fuel-cell vehicles produced by Toyota) passenger cars. Categorised
records showed a total of 1206 vehicles. Our study uses a figure of more than 1200 for
the rounded fleet size and reserves 1206 for the categorised total because each value has a
different denominator.

Hydrogen supply was configured at a comparable scale. Eleven refuelling stations,
four principal suppliers, more than 300 tube trailers, and a cloud-based monitoring platform
supported the fleet. Reported hydrogen production capacity was approximately 20 t d−1-
and more than 65% of this capacity was classified as green hydrogen, according to project
documentation. Renewable electrolysis projects in Zhangjiakou supplied the local fleet
with nearly 100% of green hydrogen during the event. The spatial arrangement of the three
competition zones also made distribution architecture important.

Production capacity outside a zone could support the event only if tube-trailer avail-
ability, travel time, unloading capacity, and station storage converted that capacity into
usable hydrogen at the required location. Multiple suppliers and trailers reduced depen-
dence on a single route or facility, while the monitoring platform made mobile inventory
visible to dispatchers. The effective resource combined production capacity with trans-
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portable inventory, station access, and timely operating information. Figure 3 presents the
deployment scale and descriptive operating indicators.

Figure 3. Deployment architecture and evidence coverage.

Figure 3 links system resources and coordinated deployment to the available operating
evidence and the level of interpretation supported by that evidence. The configuration
data also distinguish installed scale from utilised capacity. More than 1200 vehicles, ap-
proximately 20 t d−1 of nominal production capacity and 11 principal stations describe
the envelope within which service was organised; they do not by themselves establish
the hydrogen supply–demand ratio in Equation (2). A numerical ratio would require
temporally matched hydrogen dispensing or consumption for the same vehicles and days,
together with station inventories and delivery timing. The present records therefore demon-
strate system coverage and redundancy, whereas capacity utilisation and surplus margin
remain unquantified.

4. Hydrogen Fuel Cell Vehicle Applications and Performance
4.1. Vehicle Configuration and Scenario Matching

Fixed-route shuttle services required high passenger capacity, regular scheduling, and
long operating windows. Large buses therefore formed the operational core of the fleet,
while smaller buses and passenger cars were used to carry out lower-volume or specialised
tasks. This scenario-first approach selected the vehicle size and powertrain configuration
after defining users, route distance, road gradients, and dispatch requirements. Table 4
summarises the available Zhangjiakou deployment records. It covers a competition-zone
sample drawn from the event fleet.

Scenario matching can be understood as a portfolio decision. Higher capacity buses
concentrated passengers and reduced the number of vehicle movements along principal
corridors, whereas smaller vehicles preserved flexibility for lower-volume and/or priority
services. The appropriate configuration depended on the joint distribution of passenger
load, distance, gradient, dwell time, and refuelling opportunity. Selecting the vehicle with
the longest nominal range for every task would have increased capital and mass. Table 4,
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below, illustrates how heterogeneous vehicle classes can be assigned to different operational
roles when duty cycle information is available. Table 4 shows that vehicle allocation
followed service needs - high capacity buses served recurrent shuttle routes, while smaller
buses and passenger vehicles were used for lower volume, priority or ceremonial tasks.

Table 4. Representative vehicle deployments for different service scenarios in the Zhangjiakou
competition zone.

Service Type Users and Route Type Distance/Maximum
Gradient Vehicle Type Vehicles

TA shuttle Athletes and team officials; links between
Olympic Villages, venues, and hotels 3–43 km/6% 9.5 m bus; 12 m bus;

Coaster 129

TG shuttle A Technical officials, media, and accredited groups;
links between venues and railway stations 3–8 km/6% 9.5 m and 12 m

buses 118

TG shuttle B Hotel-to-venue services 4–27 km/4% 12 m bus 120

DDS shuttle Rights-holding broadcasters 3–28 km/6% 12 m bus 40

TW shuttle A Staff, volunteers, and selected accredited groups 3–8 km/4% 11 m bus 56

TW shuttle B Group services from hotels to venues 4–15 km/4% 12 m bus 60

TS shuttle Spectators traveling from railway stations to
venue clusters 7–8 km/6% 11 m bus 4

Dedicated T3 Olympic Family; hotels or Olympic Villages to
venues 5–10 km/4% MIRAI; Coaster 90

Opening/closing
ceremonies Athletes, media and officials 3–5 km/6% Coaster 6

The representative 12 m and 9 m buses illustrate scenario-based configuration. Their
fuel-cell power, storage pressure, hydrogen capacity, and traction systems differed, while
both used integrated thermal management and low temperature protection. Reported
ranges exceeded 600 km and 400 km, respectively, and rated refuelling time was 15–
20 min. Table 5 provides the detailed specifications. These differences show why duty-cycle
matching remains central to heavy-duty fuel-cell vehicle design [31]. Of the 623 vehicle
assignments in Table 4, 527 (84.6%) served the seven shuttle categories. Larger buses were
concentrated on recurrent passenger corridors, while smaller platforms supported lower-
volume and priority movements. The 12 m bus carried 41.9 kg of hydrogen at 70 MPa
and had a reported range above 600 km; the 9 m bus carried 21.6 kg at 35 MPa and had a
reported range above 400 km. These specifications explain the allocation logic but do not
support an efficiency comparison because occupancy, operating hours, and class-specific
hydrogen use were unavailable.

Table 5. Selected technical specifications of representative 12 m and 9 m fuel-cell buses.

Parameter 12 m Bus 9 m Bus

Dimensions (mm) 12,000 × 2550 × 3790 8995 × 2500 × 3630
Gross vehicle mass (kg) 18,000 13,800

Curb mass (kg) 14,100 10,650
Maximum gradeability 20% 15%

Fuel-cell engine 150 kW 80 kW
Hydrogen-storage system 6 × 134 L; 70 MPa; 41.9 kg 6 × 166 L; 35 MPa; 21.6 kg

Traction battery 60.26 kWh lithium manganate
battery

60.26 kWh lithium manganate
battery

Traction motor 2 × 100 kW 100 kW + 60 kW

Reported duty-cycle range >600 km; 520 km reported
during event operation >400 km

Rated refuelling time 15–20 min 15–20 min
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4.2. Performance Under Extreme Winter Conditions

Project tests and operating records covered cold soaking, unassisted cold starting,
cabin warm-up, sustained climbing, and hill holding. Representative buses started within
5–10 s after extended cold soaking, while separate component tests reported stack starts at
−35 ◦C and rapid battery self-heating.

Cold-weather readiness involved more than achieving a single minimum starting
temperature.

Cabin heating, battery conditioning, fuel-cell warm-up, traction demand, and
regenerative-braking availability compete for energy during the initial period of service.
Repeated climbing and low-speed operation can further alter thermal loads relative to a
standardised duty cycle. The project tests addressed several of these functions separately,
while event records showed that the configured vehicles could complete the winter service
trips to which they were assigned.

The evidence supports vehicle suitability under the observed event conditions, includ-
ing low temperature, high altitude, and steep gradients. Durability across repeated winters
remains unverified. Thermal management, stack temperature control, power management,
and component durability therefore remain important constraints [4].

Cold-start results demonstrate functional readiness for the observed event conditions.
Vehicle starts within 5–10 s after cold soaking and component starts at −35 ◦C address entry
into service, while operations took place in a system exposed to temperatures approaching
−30 ◦C, elevations up to 2198 m, and gradients up to 16%. Matched warm-weather energy
use and degradation data were not available, so the results describe start capability and
trip completion rather than the energy penalty or multi-winter durability.

4.3. Operating Performance and Monitoring Alerts

During the 52-day service period, the fleet travelled more than 3.5 million vehicle
kilometres across over 80 routes and fulfilled the reported transport assignments [32].
Project records reported no safety incidents, no on-road service interruptions, no complaints,
100% on time performance, and rapid emergency response. These outcomes met the
reported event objectives [33]. However, missing route-level denominators prevented
comparison between vehicle classes or with a matched diesel fleet; published assessments
provide context but use different duty cycles [34].

Monitoring records covered 724 vehicles and contained 142 alerts. More than half were
attributed to driving practices, low temperature battery charging, powertrain energy man-
agement, and durability limitations of certain materials. The records identify operational
priorities but lack the identifiers needed to distinguish unique failures, repeated alerts and
service interruptions. They therefore support an alerts-per-vehicle measure, while failure
rate estimation remains outside the evidence coverage.

The alert distribution also shows why operating performance should be evaluated
through both service outcomes and internal system signals. A fleet may complete all
trips while still generating warnings that require intervention, driver guidance, or revised
charging and energy management practices.

Conversely, an alert may occur without a service affecting fault. Linking each alert to
a unique vehicle, timestamp, route, severity level, corrective action, and downtime would
allow future deployments to distinguish detection sensitivity from operational disruption
and to convert monitoring records into reliability evidence.

More than 3.5 million vehicle kilometres over 52 days corresponds to over 67,300
fleet-kilometres per day. The 724 monitored vehicles represent about 60% of the categorised
fleet, although the fleet and monitoring boundaries are not fully aligned. The 142 alerts
correspond to 0.196 alerts per monitored vehicle. Reported 100% on time performance

https://doi.org/10.3390/hydrogen7040147

https://doi.org/10.3390/hydrogen7040147


Hydrogen 2026, 7, 147 13 of 26

describes service completion, but a rate cannot be independently reconstructed without the
number and timing of scheduled trips.

5. Integrated Technical and Operational Evaluation of the Hydrogen
Value Chain
5.1. Hydrogen Production and Road Supply

Four principal suppliers supplied hydrogen from conventional and renewable pro-
duction routes. Reported electrolysis capacity totalled 13 × 500 Nm3 h−1, while reported
system-level hydrogen production capacity was approximately 20 t d−1. More than 65% of
this capacity was classified as green hydrogen according to project documentation. Multiple
suppliers provided redundancy. The reported renewable production capacity and Zhangji-
akou use of green hydrogen provide context for the operational emissions result, although
capacity share and consumption share are not equivalent. This configuration illustrates the
need to coordinate storage, delivery - and wider supply chain capacity [35]. Temporally
matched supply and class-specific demand are needed to identify peak constraints. The
configured network sustained event operations without reported hydrogen shortages.

Operational adequacy also depended on logistical buffering. Its value therefore relied
on trailer turnaround, road conditions, unloading time, station inventory, and forecast
demand. A robust planning model would treat these elements as a time-dependent network
and test whether an interruption to one supplier, route, or station could be absorbed by
the remaining resources. The event records indicate that the configured redundancy was
sufficient for the observed service period.

Hydrogen was transported mainly by tube trailers over distances of approximately
50–100 km. Onboard systems monitored for hydrogen leaks and tracked remaining hy-
drogen, pressure, and location, transmitting these data to the cloud-based monitoring
platform. Tiered responses could be triggered by leakage, accidents, or prolonged stops.
Road distribution therefore linked physical delivery with monitoring and emergency man-
agement [36].

Production capacity and realised consumption must be distinguished. The reported
20 t d−1 is a nameplate supply capacity, whereas delivered mass, plant availability, station
inventory, and daily demand were not recorded on a common basis. The records report
no hydrogen shortage during the observed service period. Four suppliers, more than
300 trailers, and delivery distances of 50–100 km show that supply continuity depended
on scheduling and logistics, as well as production capacity; the reserve margin cannot be
calculated from the available data.

5.2. Refueling Infrastructure and Service Performance

The refuelling network supported vehicles at both 35 and 70 MPa through station-
vehicle communication, fault diagnosis, and vehicle-specific control modes [37]. Refuelling
rates differed by vehicle class, and the system completed an 18 h continuous-operation test
at 70 MPa [38]. Vehicles were usually refuelled on arrival; even during clustered returns,
queues consisted of less than five vehicles and waiting times were below one hour [39].
These outcomes reflect the combined effects of station configuration, controls, location, and
operating strategy [40].

A representative Yanqing station dispensed approximately 63 t of hydrogen across
5098 events. The average over the full service period was 12.36 kg per event, close to
the reported peak day average of 12.66 kg. This similarity provides a consistency check.
Figure 4 summarises the station and supply indicators.

https://doi.org/10.3390/hydrogen7040147

https://doi.org/10.3390/hydrogen7040147


Hydrogen 2026, 7, 147 14 of 26

Figure 4. Hydrogen refuelling decision and service flow.

Average kilograms per refuelling event provide a useful consistency check. Fleet
service also depends on hourly dispensing capacity, precooling and compression recovery,
simultaneous arrivals, pressure compatibility - and the time for which vehicles can remain
off route. The reported queue and waiting-time observations add an operational dimension
to the mass totals, because they connect station throughput to vehicle availability. Future
evaluations should report throughput distributions by hour and vehicle class so that
nominal capacity, peak utilisation, and service delay can be assessed together. Figure 4
relates vehicle returns, station decisions, dispensing and monitoring to the indicators used
for evaluating refuelling service.

The station data permit a more specific throughput calculation, when their source
specific time window is retained. The public trade media record for the Jinlong station
reports 62,693 kg dispensed in 5098 events over 55 operating days [20]. Equations (6) and
(7) therefore give 12.30 kg per event, 92.7 events per station day and 1.14 t d−1, consistent
with the daily averages reported by the source. These values refine the rounded 63 t
total, but they are not a fleet wide measure of hydrogen consumption. Likewise, the rated
15–20 min refuelling time and waiting times below one hour are service bounds rather than
an observed mean refuelling duration. Event-level start and end timestamps, vehicle class
and dispenser occupancy would be required to calculate mean refuelling time and station
utilisation. Figure 4 relates vehicle returns, station decisions, dispensing and monitoring to
the indicators used for evaluating refuelling service.

5.3. Digital Monitoring and Operational Coordination

The cloud-based monitoring platform combined data from hydrogen production
facilities, tube trailers, refuelling stations, vehicles and fuel-cell systems to provide real
time visualisation, automated alerts, dispatch support, fault classification and continuous
operational oversight [41]. Access to a common data environment improved information
exchange between participating organisations and shortened coordination time [42]. Es-
tablished prognostic methods, model-based diagnostics and electrochemical impedance
testing were able to further translate fuel-cell measurements into maintenance decisions [43].
No safety incidents were reported during hydrogen production, transport, refuelling and
vehicle operation. The incident-free record suggests that preventive controls and emer-
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gency procedures functioned effectively during the event. Within the event period, the
records support conclusions concerning operational completion, monitoring coverage and
response capability.

5.4. Integrated Hydrogen Value-Chain Assessment

System performance reflected the alignment of capacity, technical interfaces and data
flows across the hydrogen mobility chain. Fleet demand was coordinated with hydrogen
production, road transport and station service, while vehicle storage specifications were
integrated with refuelling controls and physical assets were connected through a shared
monitoring platform. Multiple hydrogen sources, refuelling stations, tube trailers and mon-
itoring channels provided operational redundancy and reduced dependence on individual
components. These arrangements strengthened service continuity during the event.

Fleet-scale performance depended on the coordinated operation of fuel-cell vehicles,
hydrogen supply, refuelling infrastructure and digital management. Within the event-
specific study scope, the integrated system provided sufficient capacity and operational
support to complete the assigned transport tasks. The available records provide limited
evidence on commercial optimisation, as long-term cost, utilisation and market value need
to be assessed over a longer operating period.

The indicators describe different parts of system performance: fleet counts and mileage
measure activity, production capacity sets a supply envelope, the Jinlong records mea-
sure one station’s throughput, and alerts describe monitoring activity. Together with the
reported completion of transport tasks, they show how the chain operated during the
event. They do not isolate the contribution of individual components or demonstrate
cost optimisation.

6. Operational Environmental Performance and Demonstration Value
6.1. Operational Emission Avoidance and Green Hydrogen

At the vehicle tailpipe, HFCVs avoided the carbon dioxide emissions associated
with matched diesel vehicles. More than 2600 t of operational carbon dioxide reductions
was reported in the project documentation. A simple mileage-based consistency check
reproduced the same order of magnitude.

The estimate uses a counterfactual comparison to approximate atmospheric impact.
It asks how much diesel tailpipe carbon dioxide would have been emitted if equivalent
transport services had been delivered by matched conventional vehicles. The result is
therefore sensitive to the selected diesel emission factor, the allocation of mileage between
buses, minibuses and passenger cars, and the assumption that the fleets that are compared
provide equivalent service. It confirmed that the reported reduction is plausible under the
stated assumptions.

Hydrogen production, compression, transport and refuelling can generate upstream
emissions, so the reported reduction falls short of a carbon-neutrality assessment [5].
Life cycle outcomes vary with the supply pathway, vehicle class, production route, and
electricity assumptions [6].

A fuller carbon account would follow hydrogen from primary energy to delivered
vehicle work [7]. Relevant stages include electricity or feedstock supply, hydrogen pro-
duction, purification, compression, storage, tube-trailer transport, station operation, and
vehicle use. Infrastructure construction and vehicle manufacturing may also be important
when comparing long-lived systems, although their contribution should be allocated over
service life. Each stage has a different activity measure and emission factor, so a single
green hydrogen label cannot act as a substitute for a transparent inventory. The appropriate
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comparison is between complete and consistently defined pathways that deliver the same
passenger or vehicle service [44].

The hydrogen source also influenced the environmental performance of the case study.
More than 65% of reported hydrogen production capacity was classified as green hydrogen,
according to the project documentation, and the Zhangjiakou fleet used nearly 100% green
hydrogen during the event. However, the production capacity share differs from the
consumption share. A complete assessment would require knowledge of the delivered
volumes by source, electricity mix, compression energy, transport distance and station
energy use [45].

The distinction between production capacity and delivered consumption is especially
important in a mixed supply system. A facility classified as renewable may represent
a large share of nominal capacity, while supplying a smaller share of event hydrogen
because of scheduling, outages, storage, or transport constraints. Electricity consumed for
compression and station operation may also differ by location and time. Traceable delivery
records linking source, batch, transport distance, station, and vehicle class would make
it possible to calculate source specific emission intensity and to test whether renewable
production was available during the periods of highest demand.

The case therefore supports an operational stage emissions benefit under the stated
diesel counterfactual. A life cycle assessment would require hydrogen deliveries to be
linked by source to vehicle class consumption, with operational and upstream emissions
reported separately.

These distinctions preserve the environmental value of the deployment while clar-
ifying its evidence base. They also identify the proportion that receives direct support.
Replacing diesel tailpipe combustion removes on-route carbon dioxide and local exhaust
emissions, while renewable hydrogen can reduce upstream emissions relative to fossil-
based pathways. The magnitude of the total benefit, however, depends on the actual
hydrogen mix and energy used across the supply chain. Reporting operational avoidance
and upstream emissions as separate quantities would preserve the demonstrated result
while allowing later studies to update the life-cycle estimate as better data become available.

The reported reduction of more than 2.6 kt CO2 is an operational, tailpipe-based
estimate for a mixed fleet. Because the mileage totals use different reporting boundaries
and hydrogen consumption is not available by vehicle class or source, the result cannot be
converted reliably to a passenger-kilometre life cycle intensity.

6.2. Demonstration Value and Transferability

The main transferable contribution lies in the planning framework. Projects should
define the service scenario, match vehicle technology, coordinate hydrogen supply with sta-
tion capacity, provide appropriate redundancy, and connect the chain through monitoring
and response.

The demonstration generated at least four forms of learning. Technical learning was
concerned with cold weather vehicle operation, dual pressure refuelling, and monitored
hydrogen transport. Operational learning included route assignment, return-time manage-
ment, station service, and alert response. Organisational learning involved how suppliers,
station operators, fleet managers - and event authorities shared responsibilities. Data
learning entailed establishing which records were needed to connect physical performance
with management decisions. These forms of learning could be used to inform later projects
even when fleet size, public funding and infrastructure ownership differ from the 2022
Olympic setting.

The configuration itself is less transferable because the event benefited from public
coordination, dedicated funding, predictable routes, concentrated demand and clear re-
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sponsibilities. Its lessons are therefore more relevant to transit, tourism, logistics and other
depot-based fleets than to dispersed private passenger car markets.

Transferability therefore depends on whether a target application reproduces the
functional conditions of the case study. A suitable application would therefore need to
aggregate demand, provide stable routes or duty cycles, permit centralised or predictable
refuelling, and assign responsibility for cross chain coordination. Transit depots, airport
and tourism shuttles, port or logistics fleets, and other high-utilisation operations may
satisfy these conditions to different degrees. Dispersed passenger car use lacks several
of these and would require a denser public station network and different redundancy
arrangements.

The findings transfer most directly as an operating framework rather than as a fixed
vehicle-to-station ratio. Other fleets can apply the sequence of duty cycle classification,
vehicle assignment, hydrogen-demand estimation, peak period station sizing, monitored
dispatch, and contingency planning, while determining asset quantities from local routes
and loads. Post-deployment data on utilisation, energy use and cost are then needed to
assess commercial performance.

7. Discussion
7.1. From Vehicle Capability to System Capability

The case study draws a clear distinction between vehicle capability and fleet capability.
Cold starting, driving range, gradeability and thermal management determine whether an
HFCV can operate under severe winter conditions. The technological progress of fuel cells
has been extensively reviewed in the literature [46]. Hydrogen is increasingly recognised
as a key element in the global energy transition [47].

At a large deployment scale, the effective capability of the fleet is shaped by the
sequence of activities that surrounds vehicle operation. A vehicle may have adequate
range but still lose service time if refuelling demand is concentrated within a narrow return
window. Additional hydrogen production does not remove a bottleneck if tube-trailer
delivery, station storage, or dispensing capacity cannot keep pace with vehicle demand.
The same logic applies to dispatch: route length, passenger service windows, vehicle return
times, station location, and available fuel should remain compatible over the operating day.
What matters in practice is not the highest specification achieved by one component, but
whether the individual capacities can be used at the time and place required by transport
services. The storage and delivery aspects of hydrogen mobility have also been summarized
in the literature [48]. This is where system capability differs from a collection of technically
capable assets. The monitoring records make this distinction more concrete. From a fleet
of 724 monitored vehicles, 142 alerts were recorded, including issues related to driving
practices, low-temperature charging, energy management, and material durability. At
the same time, the assigned transport services were completed without reported on-road
interruptions. The two observations describe different levels of performance: alerts capture
deviations within the operating system, whereas service completion records whether those
deviations affected the transport task.

Monitoring plays a specific operational role in this relationship. Its significance does
not lie simply in generating warnings. The information had to be connected to driver
guidance, maintenance, dispatch adjustment, fault handling, and emergency response
before it could contribute to continuity of service. Reliability at fleet scale is thus broader
than component failure probability. It also involves the capacity to detect abnormal con-
ditions, contain their consequences, and maintain or restore service before disruption
spreads through the transport schedule [49]. In a tightly coupled operating environment,
these response functions become part of system performance rather than auxiliary support.
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Accordingly, the case study shifts the analytical focus away from isolated vehicle specifica-
tions. Vehicle technology made winter operation possible, but production and road supply
determined fuel availability; refuelling stations determined access to that fuel; dispatch
connected vehicles with transport demand; and monitoring provided the information
needed to intervene when operating conditions changed. In the case of centralised and
high-utilisation HFCV applications, these relationships are likely to be as important as
range, fuel-cell power, or cold-start performance when judging whether a fleet can sustain
continuous service.

Fleet comparisons show why duty cycle and reporting boundary matter. The 20-bus
Whistler fleet associated with Vancouver 2010 accumulated more than 4 million km over
four years, operated for up to 22 h day−1 at temperatures from −20 ◦C to 34.7 ◦C, and
reported three-year average hydrogen consumption of 15.67 kg H2/100 km and adjusted
availability of 70% [21]. Beijing operated a much larger and more varied fleet for a shorter
event period, so the results are comparable mainly as evidence of winter service continuity,
not as a direct efficiency ranking.

More recent studies provide vehicle level benchmarks. A 2025 chassis-dynamometer
study reported 5–8 kg H2/100 km for a production fuel-cell city bus, with simulated
passenger load raising traction demand by almost 30% and HVAC settings increasing
hydrogen consumption by up to 15% [22]. A 2026 ten-month study of a double decker
hydrogen bus reported 0.120 kg H2-eq/km and identified temperature, mean speed, stop
intensity, and passenger load as important predictors [23]. Beijing lacks class specific
hydrogen use, route profiles, and availability data, but its 3.5 million vehicle kilometres
and reported uninterrupted service demonstrate continuity at fleet scale. The comparison
indicates that future fleet evaluation should relate hydrogen use and reliability to route,
load, and auxiliary demand.

7.2. Scenario-Based Design, Coordination, and Redundancy

The heterogeneous transport tasks required by the 2022 Beijing Olympics made a
uniform vehicle configuration impractical. Principal shuttle routes required high passenger
capacity and sustained daily operation, whereas dedicated services and lower-volume
routes placed greater value on flexibility. Large buses, smaller fuel-cell buses, Coaster type
vehicles, and passenger cars therefore performed different functions within the fleet. Vehicle
selection was linked to route distance, passenger demand, road gradient, expected oper-
ating time, and refuelling opportunity rather than to a single technical specification. The
resulting fleet configuration reflects a basic requirement of large-scale hydrogen mobility,
namely that vehicle technology should be selected after the operating task has been defined.
China’s hydrogen strategy has been compared with other international approaches [50].
The industry chain for fuel cell vehicles in China has also been analysed [51]. This approach
extends beyond vehicle procurement. Onboard hydrogen storage determines the interval
between refuelling events, but its operational value depends on station pressure compat-
ibility, dispensing capacity, vehicle return patterns, and the amount of time that can be
allocated to refuelling without affecting scheduled service. A vehicle with greater nominal
range may reduce refuelling frequency, but additional storage also increases vehicle mass
and does not remove constraints elsewhere in the system. Critical issues for new energy
vehicles in China have been identified in previous work [52]. Conversely, a station with
high nominal capacity can still become a bottleneck when vehicle arrivals are concentrated
within a short period. The relevant design problem is therefore one of capacity matching.
Route requirements establish vehicle demand; vehicle operation generates the timing and
quantity of hydrogen demand; station configuration determines how rapidly that demand
can be served; and road distribution determines whether station inventory can be replen-
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ished at the required rate. Designing these elements independently increases the likelihood
that excess capacity in one part of the system will coexist with a constraint in another.

Coordination was particularly important because hydrogen supply and transport
service operated on different time scales. Production capacity was generally expressed in
terms of a daily amount, while fleet demand could change substantially within a few hours
as vehicles completed routes and returned to stations. Tube-trailer deliveries introduced
another time interval through loading, travel, unloading, and turnaround. Station storage
provided temporary separation between these processes, but it did not eliminate the need to
anticipate demand. Scheduling therefore required information about vehicle deployment,
expected return times, station inventory, trailer availability, and planned service intensity.
The digital monitoring platform supported this process by making operating information
available across organisational boundaries. In this setting, coordination was not an addi-
tional management layer imposed on the technical system; it was the mechanism through
which separately owned and operated assets could function as a continuous transport
service [53].

Redundancy addressed a different problem. The event relied on multiple hydrogen
suppliers, tube trailers, refuelling stations, vehicles, and monitoring channels, thus reducing
dependence on individual assets. These resources were not interchangeable in a simple
sense. An additional hydrogen supplier could compensate for a production interruption
only when delivery capacity and station access remained available. An alternative refuelling
station was useful only when vehicles could reach it within their route and scheduling
constraints. Spare vehicles could preserve passenger service, but they could not compensate
for a wider shortage of hydrogen. Redundancy therefore had to correspond to specific
points of failure and to the operational consequences associated with those failures. This
distinction is important when the Beijing 2022 configuration is considered beyond the
event setting. A high reserve capacity was compatible with an operating environment
in which continuity of service had priority and short disruptions could affect tightly
scheduled transport tasks. Routine commercial fleets have to negotiate a different balance.
Additional suppliers, station capacity, spare vehicles, storage, and parallel monitoring
channels improve the ability to absorb disruption, but they also increase capital expenditure,
maintenance requirements, staffing needs - and the possibility of low asset utilisation. The
appropriate level of redundancy cannot be determined from the number of backup assets
alone. It depends on the expected frequency and duration of disruptions, the amount of
service that would be lost, the time required to restore operation, and the cost of maintaining
alternative capacity.

The operational value of redundancy also depends on whether reserve resources
can be activated in time. Shared demand forecasts, station inventory information, clear
escalation procedures, and the authority to redirect hydrogen deliveries or reassign ve-
hicles determine how quickly a physical backup can be brought into use. Without these
arrangements, reserve capacity may exist on paper while remaining unavailable when
operating conditions change. For centralised HFCV fleets, resilience therefore depends on
both the existence of alternative resources and the procedures that connect those resources
to real time operating decisions.

The experience of Beijing 2022 thus provides a practical basis for treating scenario
definition, capacity coordination, and redundancy as related design decisions rather than
separate planning tasks. Route and service requirements determine the initial fleet configu-
ration; the resulting operating pattern shapes hydrogen and refuelling demand; and the
consequences of disruption determine where reserve capacity is most valuable. This rela-
tionship is particularly relevant to applications with predictable routes and concentrated
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refuelling demand, where system configuration can be developed around observable duty
cycles instead of relying primarily on generalised vehicle or infrastructure specifications.

Large event comparisons also show how vehicle mix and operating context affect
infrastructure needs. Tokyo 2020 planned around 500 MIRAI vehicles alongside Sora
buses and fuel-cell forklifts [24]. Paris 2024 used 500 MIRAI cars within a 2740-vehicle
electrified official fleet and also included buses and forklifts supplied with renewable
hydrogen [25]. Beijing differed in its larger share of heavy passenger vehicles, winter and
high-altitude routes, and reliance on road delivered hydrogen across several competition
zones. Fleet size alone therefore does not describe infrastructure difficulty; vehicle mix,
pressure compatibility, return-time concentration, station throughput, and supply topology
also matter.

Model-based studies reinforce the importance of refuelling schedules. In a modelled
10 bus fleet, station tank size and refuelling schedule affected compression energy and
hydrogen price [26]. A 2026 city-scale study found that flexible refuelling over 24 h
reduced the required electrolysers and dispensing points from three to one compared with
a restricted 03:00–07:00 window [27]. Beijing’s monitoring and dispatch arrangements
are consistent with temporal coordination, although the available data cannot establish
whether its infrastructure was cost-optimal.

7.3. Conditional Replicability for Public Transport and Other Centralised Fleets

Transfer should focus on functions rather than Beijing’s asset counts. An urban
bus operator would first measure route distance, passenger load, gradients, temperature,
layover time, and vehicle return patterns; it could then select vehicle classes, estimate
hydrogen demand, and size depot or corridor refuelling. Alternative supply and station
access should be linked to defined failure scenarios, and vehicle, station, and delivery
records should use common identifiers and timestamps.

Airport and tourism shuttles share the Olympic case’s concentrated terminals and pre-
dictable returns. Port, municipal service, and logistics fleets can also use central refuelling,
although tonne-kilometres, payload, and shift structure become more important. Replica-
tion should begin with instrumented routes and one seasonal operating cycle, followed by
evaluation of station queues, supply resilience, utilisation, life-cycle emissions, and service
cost. Dispersed private-car use is less comparable because demand location and refuelling
time cannot be centrally scheduled.

7.4. Limitations and Implications for Future Deployment

The principal limitation of this study lies in the level of aggregation of the available
records. Fleet totals, operating mileage, refuelling activity, and monitoring information
were compiled for different purposes and did not always share the same unit of observation.
The total fleet was reported as both more than 1200 vehicles and 1206 categorised vehicles,
while monitoring data covered a subset of 724 vehicles. Route-level mileage, vehicle specific
hydrogen consumption, and daily operating records were not consistently available. The
142 monitoring alerts could therefore be used to describe alert intensity, but not to establish
vehicle level failure rates because repeated alerts, downtime, and severity could not be
linked to individual vehicles. A more useful data structure for subsequent large-scale
demonstrations would connect each trip to a common vehicle identifier and timestamp.
Vehicle class, route, passenger or load category, ambient conditions, hydrogen consumption,
refuelling activity, alerts, maintenance activities - and downtime could then be examined
as part of the same operating record. The supply side requires an equivalent linkage
between hydrogen source, tube-trailer movement, station inventory, dispensing time,
and vehicle demand. Such records would make it possible to examine route-specific
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energy consumption, peak refuelling demand, recurring faults, station congestion, and the
operational consequences of equipment or supply interruptions. They would also remove
several of the denominator inconsistencies encountered in the present analysis.

The environmental results are similarly constrained by the available data. The reported
reduction in carbon dioxide refers to vehicle operation - and does not constitute a complete
life cycle assessment. Hydrogen production, compression, transport, station operation, and
the electricity or feedstock used in hydrogen production all affect upstream emissions. The
distinction is particularly important in a system that combined conventional and renewable
hydrogen sources. A more complete assessment would require the quantity and origin of
hydrogen actually consumed by each vehicle class to be calculated rather than production-
capacity shares alone. Commercial performance could not be assessed with the same level of
detail as technical and operational performance. Beijing 2022 was organised around a fixed
transport obligation, dedicated infrastructure, extensive coordination, and public objectives.
These conditions justified reserve capacity and operational arrangements that may not
be economical under routine fleet operation. Vehicle acquisition and maintenance costs
would have to be considered together with hydrogen price, tube-trailer logistics, station
investment, station utilisation, staffing, spare capacity, and the cost of service interruption.
Post-event records are especially important in this respect. Whether the stations continued
to achieve adequate utilisation, whether vehicle performance was maintained after several
winters, and how operating costs changed after dedicated event support was withdrawn
would provide a stronger basis for assessing commercial viability.

Recent life cycle studies clarify the meaning of the reported CO2 reduction. An analysis
of 106 heavy-duty fuel-cell trucks in six Chinese applications found that results varied
with hydrogen source and utilisation; in Beijing, industrial by-product hydrogen generally
produced lower greenhouse-gas emissions than diesel and battery-electric trucks except at
low utilisation [28]. A 2026 US study estimated current life cycle greenhouse gas reductions
of 5–50% for fuel-cell medium- and heavy-duty vehicles relative to diesel, compared with
10–60% for battery-electric vehicles, with the range driven by duty cycle, vehicle efficiency,
and fuel-cycle assumptions [29]. These studies show that Beijing’s tailpipe estimate cannot
be treated as a life-cycle result. A full comparison would include hydrogen production,
compression, delivery, station electricity, equipment manufacture, and asset utilisation on a
common service basis. Paris 2024 demonstrates the use of renewable hydrogen in an event
fleet [25], but source labels still need measured quantities and system boundaries.

A matched comparison of HFCVs, diesel vehicles, and battery electric vehicles would
require the same route, load, temperature, timetable, reliability requirement, and functional
unit, together with vehicle, fuel, infrastructure, maintenance, and labour data. The Beijing
records provide aggregate HFCV mileage and a diesel-tailpipe counterfactual, but not
the class-specific consumption, passenger loads, costs, or matched diesel and electric
observations needed for a numerical ranking. Recent fleet evidence [28] and life cycle
pathway estimates [29] provide context, but neither substitutes for a comparison under the
Olympic duty cycle.

These constraints do not affect all deployment settings equally. The configuration
observed in Beijing 2022 is most relevant to fleets in which demand can be aggregated
and vehicle movement can be planned in advance. Public transport, airport and tourism
shuttles, port operations, logistics fleets, and other depot-based services share several of
these characteristics. Their routes are relatively stable, refuelling can be concentrated at a
limited number of locations, and fleet operators can coordinate vehicle assignment with
hydrogen supply. Dispersed private passenger car use presents a different infrastructure
problem because demand is less predictable and depends on a geographically broader
public refuelling network. In the case of centralised fleets, deployment can proceed from
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measured duty cycles rather than from generalised assumptions about vehicle range or
station capacity. Route distance, load, operating hours, climate, and return patterns provide
the basis for selecting an initial fleet and estimating hydrogen demand. Early operation can
then establish peak station throughput, trailer turnaround requirements, reserve capacity,
maintenance workload, and response procedures before further expansion. This sequence
is particularly important because the preferred configuration will vary with route topology,
climate, hydrogen source, ownership structure, and service priorities. It is therefore better
to treat scaling a hydrogen fleet as a progressive operational decision than as a direct
replication of the Beijing 2022 configuration. Table 6 summarises the elements of the case
study that are transferable to other centralised hydrogen mobility applications and the
conditions under which they remain applicable.

Table 6. Transferable principles and case specific applicability conditions.

Transferable Principle Case Evidence Applicability Conditions

Scenario-first vehicle selection
Several vehicle classes were matched
to route, passenger-demand, and
gradient requirements

Reliable duty-cycle data are required
before procurement

Capacity coordination across the
hydrogen value chain

Hydrogen production, transport,
refuelling stations, and the fleet were
configured as one system

Daily aggregate analysis must be
supplemented by peak-period
analysis

Supply redundancy Multiple suppliers, stations, and tube
trailers

Redundancy may reduce long-term
asset utilisation

Digital integration Cross-chain monitoring, alerts, and
dispatch support

Effectiveness depends on data
quality, interoperability, and response
protocols

Operational emissions accounting
Mileage and matched diesel
comparisons support a tailpipe
estimate

Life-cycle carbon assessment requires
upstream data

Centralized fleet deployment Fixed routes, depots, and
coordinated organisation

The model has limited direct
applicability to dispersed private
passenger-car markets

8. Conclusions
The Beijing 2022 Winter Olympic and Paralympic Games provided a rare opportunity

to examine hydrogen mobility at fleet scale under intensive winter operating conditions.
More than 1200 HFCVs completed 52 days of transport service across more than 80 routes
and accumulated over 3.5 million vehicle-kilometres. Their operation was supported by
hydrogen production and road distribution, 11 refuelling stations, digital monitoring, and
coordinated fleet management. The scale and continuity of this deployment demonstrate
that hydrogen mobility can support demanding centralised transport services when vehicle
operation and hydrogen infrastructure are planned as connected parts of the same service
system. Vehicle performance alone did not determine the outcome. Route requirements
influenced vehicle configuration; vehicle deployment shaped the timing and location of
hydrogen demand; road distribution and station capacity determined whether that demand
could be met; and digital monitoring supported dispatch, fault handling, and operational
response. The practical capability of the fleet therefore emerged from the compatibility
of these functions over the operating day. This distinction is particularly important for
large HFCV fleets, where an adequate vehicle range or high hydrogen production capacity
cannot compensate for constraints in refuelling, distribution and scheduling.
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The deployment also indicates the settings in which this operating model is most
applicable. Centralised fleets with predictable routes, concentrated demand - and planned
refuelling offer the clearest conditions for coordinating vehicles with hydrogen supply.
Public transport, shuttle services, airport and tourism transport, port operations, and
logistics fleets share many of these characteristics. Direct transfer to dispersed private
passenger-car markets is less straightforward, because refuelling demand is spatially
distributed and infrastructure has to serve less predictable travel patterns.

Operational records further show substantial potential for reducing transport emis-
sions. The reported reduction of more than 2.6 kt of CO2 is consistent with avoided diesel
tailpipe emissions during the event. Project records also indicate extensive use of green
hydrogen in Zhangjiakou, although the fleet-wide consumption share by hydrogen source
was not available. A complete environmental assessment, however, requires hydrogen
production, compression, transport, station operation, and other upstream processes to be
included alongside vehicle operation. The next stage of hydrogen mobility deployment will
depend less on demonstrating that large fleets can operate and more on whether compara-
ble performance can be achieved under routine commercial conditions. Station utilisation,
hydrogen cost, vehicle and infrastructure durability, tube-trailer logistics, reserve capacity,
maintenance requirements, and data interoperability will become increasingly important
once dedicated event support is removed. For centralised applications, expansion should
therefore follow verified duty cycles and operating records, while fleet size, station capacity,
hydrogen delivery and reserve resources need to be adjusted to actual demand rather than
reproduced directly from the Beijing 2022 configuration.

Author Contributions: Conceptualisation, Y.L., X.Z. and M.C.; methodology, Y.L. and X.Z.; validation,
Y.L., Y.X., Y.Q. and M.C.; formal analysis, Y.L., Y.X., and X.Z.; investigation, Y.L., Y.X., and Y.Q.;
data curation, Y.L. and Y.X.; writing—original draft preparation, Y.L. and X.Z.; writing—review
and editing, X.Z., Y.Q., and M.C.; visualisation, Y.L. and Y.X.; supervision, X.Z. and M.C.; project
administration, X.Z.; funding acquisition, X.Z. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported by the 2026 Research Project Program of the China Society of
Logistics and the China Federation of Logistics and Purchasing (Project No. 2026CSLKT3-010).

Data Availability Statement: Aggregate data supporting the reported results are provided in the
article. Underlying project technical documents, vehicle deployment and operating records, hydro-
gen supply and refuelling logs, and cloud-based monitoring records require consortium approval.
Requests may be directed to the corresponding author and are subject to applicable permissions.

Acknowledgments: The authors would like to thank all those who contributed to this study. During
the preparation of this manuscript, the authors used ChatGPT (GPT-5.6 Luna, OpenAI) for English
language editing and to improve the clarity and fluency of the text. The authors have reviewed and
edited the output and take full responsibility for the content of this publication.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

Abbreviation Definition
H2 Hydrogen
HFCV Hydrogen fuel cell vehicle
MPa Megapascal
CO2 Carbon dioxide
C-WTVC China World Transient Vehicle Cycle

https://doi.org/10.3390/hydrogen7040147

https://doi.org/10.3390/hydrogen7040147


Hydrogen 2026, 7, 147 24 of 26

References
1. Staffell, I.; Scamman, D.; Velazquez Abad, A.; Balcombe, P.; Dodds, P.E.; Ekins, P.; Shah, N.; Ward, K.R. The role of hydrogen and

fuel cells in the global energy system. Energy Environ. Sci. 2019, 12, 463–491. [CrossRef]
2. Cullen, D.A.; Neyerlin, K.C.; Ahluwalia, R.K.; Mukundan, R.; More, K.L.; Borup, R.L.; Weber, A.Z.; Myers, D.J.; Kusoglu, A. New

roads and challenges for fuel cells in heavy-duty transportation. Nat. Energy 2021, 6, 462–474. [CrossRef]
3. Halder, P.; Babaie, M.; Salek, F.; Shah, K.; Stevanovic, S.; Bodisco, T.A.; Zare, A. Performance, emissions and economic analyses of

hydrogen fuel cell vehicles. Renew. Sustain. Energy Rev. 2024, 199, 114543. [CrossRef]
4. Cunanan, C.; Tran, M.K.; Lee, Y.; Kwok, S.; Leung, V.; Fowler, M. A review of heavy-duty vehicle powertrain technologies: Diesel

engine vehicles, battery electric vehicles, and hydrogen fuel cell electric vehicles. Clean Technol. 2021, 3, 474–489. [CrossRef]
5. Ren, L.; Zhou, S.; Ou, X. Life-cycle energy consumption and greenhouse-gas emissions of hydrogen supply chains for fuel-cell

vehicles in China. Energy 2020, 209, 118482. [CrossRef]
6. Lee, D.Y.; Elgowainy, A.; Kotz, A.; Vijayagopal, R.; Marcinkoski, J. Life-cycle implications of hydrogen fuel cell electric vehicle

technology for medium- and heavy-duty trucks. J. Power Sources 2018, 393, 217–229. [CrossRef]
7. Liu, X.; Reddi, K.; Elgowainy, A.; Lohse-Busch, H.; Wang, M.; Rustagi, N. Comparison of well-to-wheels energy use and emissions

of a hydrogen fuel cell electric vehicle relative to a conventional gasoline-powered internal combustion engine vehicle. Int. J.
Hydrogen Energy 2020, 45, 972–983. [CrossRef]

8. Xu, C.; Wu, Y.; Dai, S. What are the critical barriers to the development of hydrogen refueling stations in China? A modified fuzzy
DEMATEL approach. Energy Policy 2020, 142, 111495. [CrossRef]

9. Camacho, M.D.L.N.; Jurburg, D.; Tanco, M. Hydrogen fuel cell heavy-duty trucks: Review of main research topics. Int. J. Hydrogen
Energy 2022, 47, 29505–29525. [CrossRef]

10. Halder, P.; Babaie, M.; Salek, F.; Haque, N.; Savage, R.; Stevanovic, S.; Bodisco, T.A.; Zare, A. Advancements in hydrogen
production, storage, distribution and refuelling for a sustainable transport sector: Hydrogen fuel cell vehicles. Int. J. Hydrogen
Energy 2024, 52, 973–1004. [CrossRef]

11. Apostolou, D.; Xydis, G. A literature review on hydrogen refuelling stations and infrastructure. Current status and future
prospects. Renew. Sustain. Energy Rev. 2019, 113, 109292. [CrossRef]

12. Broatch, A.; Olmeda, P.; Margot, X.; Aceros, S. Different strategies in an integrated thermal management system of a fuel cell
electric bus under real driving cycles in winter. Energy Convers. Manag. 2023, 288, 117137. [CrossRef]

13. Xinhua. China Promotes Green, Low-Carbon Industries to Optimize Industrial Layout. The State Council of the People’s Republic
of China. 28 March 2023. Available online: https://english.www.gov.cn/news/topnews/202303/28/content_WS6422c985c6d0f5
28699dc585.html (accessed on 23 September 2026).

14. Beijing Organising Committee for the 2022 Olympic and Paralympic Winter Games. Beijing 2022 Post-Games
Sustainability Report; Beijing, China, 2023. Available online: https://library.olympics.com/digitalCollection/
DigitalCollectionAttachmentDownloadHandler.ashx?documentId=2954819&parentDocumentId=2954786&skipCopyright=
true&skipWatermark=true (accessed on 23 September 2026).

15. Beijing Municipal People’s Government. Winter Olympics Vehicles Enter Public Service: Hydrogen-Bus Electric-Drive Systems
Enter Mass Production. 10 April 2023. Available online: https://www.beijing.gov.cn/fuwu/bmfw/sy/jrts/202304/t20230410_29
93468.html (accessed on 23 September 2026). (In Chinese)

16. Boston Consulting Group. China Hydrogen Industry Outlook. August 2023. Available online: https://web-
assets.bcg.com/a4/e9/7bdf588340169730c3dad382b4b2/bcg-china-hydrogen-industry-outlook-cn-aug-2023.pdf (accessed on 23
September 2026). (In Chinese)

17. Yin, R.K. Case Study Research: Design and Methods, 5th ed.; SAGE Publications: Thousand Oaks, CA, USA, 2014; 282p.
18. Stake, R.E. The Art of Case Study Research; SAGE Publications: Thousand Oaks, CA, USA, 1995.
19. Eisenhardt, K.M. Building theories from case study research. Acad. Manag. Rev. 1989, 14, 532–550. [CrossRef]
20. International Hydrogen Energy Network. Birken Energy EPC: Winter Olympic 70 MPa Hydrogen Refuelling Station Accumulated

Extensive Operational Data. 21 March 2022. Available online: https://mh2.in-en.com/html/h2-2411828.shtml (accessed on 23
September 2026). (In Chinese)

21. Eudy, L.; Post, M. BC Transit Fuel Cell Bus Project Evaluation Results: Second Report; NREL/TP-5400-62317; National Renewable
Energy Laboratory: Golden, CO, USA, 2014.

22. Reithuber, P.; Weller, K.; Schutting, E.; Eichlseder, H. Energy and hydrogen consumption evaluation of a fuel cell city bus based
on roller chassis dynamometer measurements. Int. J. Hydrogen Energy 2025, 97, 1227–1240. [CrossRef]

23. Zhao, X.; Jin, Z.; Gu, W.; Fan, W.; Xie, C. Comparative energy consumption analysis of electric and hydrogen buses using
real-world data. Transp. Res. Part D Transp. Environ. 2026, 159, 105516. [CrossRef]

24. Toyota Motor Corporation. Annual Report 2019; Toyota Motor Corporation: Toyota City, Japan, 2019. Available online:
https://global.toyota/pages/global_toyota/ir/library/annual/2019_001_annual_en.pdf (accessed on 23 September 2026).

https://doi.org/10.3390/hydrogen7040147

https://doi.org/10.1039/c8ee01157e
https://doi.org/10.1038/s41560-021-00775-z
https://doi.org/10.1016/j.rser.2024.114543
https://doi.org/10.3390/cleantechnol3020028
https://doi.org/10.1016/j.energy.2020.118482
https://doi.org/10.1016/j.jpowsour.2018.05.012
https://doi.org/10.1016/j.ijhydene.2019.10.192
https://doi.org/10.1016/j.enpol.2020.111495
https://doi.org/10.1016/j.ijhydene.2022.06.271
https://doi.org/10.1016/j.ijhydene.2023.07.204
https://doi.org/10.1016/j.rser.2019.109292
https://doi.org/10.1016/j.enconman.2023.117137
https://english.www.gov.cn/news/topnews/202303/28/content_WS6422c985c6d0f528699dc585.html
https://english.www.gov.cn/news/topnews/202303/28/content_WS6422c985c6d0f528699dc585.html
https://library.olympics.com/digitalCollection/DigitalCollectionAttachmentDownloadHandler.ashx?documentId=2954819&parentDocumentId=2954786&skipCopyright=true&skipWatermark=true
https://library.olympics.com/digitalCollection/DigitalCollectionAttachmentDownloadHandler.ashx?documentId=2954819&parentDocumentId=2954786&skipCopyright=true&skipWatermark=true
https://library.olympics.com/digitalCollection/DigitalCollectionAttachmentDownloadHandler.ashx?documentId=2954819&parentDocumentId=2954786&skipCopyright=true&skipWatermark=true
https://www.beijing.gov.cn/fuwu/bmfw/sy/jrts/202304/t20230410_2993468.html
https://www.beijing.gov.cn/fuwu/bmfw/sy/jrts/202304/t20230410_2993468.html
https://web-assets.bcg.com/a4/e9/7bdf588340169730c3dad382b4b2/bcg-china-hydrogen-industry-outlook-cn-aug-2023.pdf
https://web-assets.bcg.com/a4/e9/7bdf588340169730c3dad382b4b2/bcg-china-hydrogen-industry-outlook-cn-aug-2023.pdf
https://doi.org/10.5465/amr.1989.4308385
https://mh2.in-en.com/html/h2-2411828.shtml
https://doi.org/10.1016/j.ijhydene.2024.11.460
https://doi.org/10.1016/j.trd.2026.105516
https://global.toyota/pages/global_toyota/ir/library/annual/2019_001_annual_en.pdf
https://doi.org/10.3390/hydrogen7040147


Hydrogen 2026, 7, 147 25 of 26

25. Organising Committee for the Olympic and Paralympic Games Paris 2024. Sustainability & Legacy Post-Games Report:
Strategic Focus: Delivering More Sustainable Games; Paris, France, 2024. Available online: https://library.olympics.com/
digitalCollection/DigitalCollectionAttachmentDownloadHandler.ashx?documentId=3702240&parentDocumentId=3598869&
skipCopyright=true&skipWatermark=true (accessed on 23 September 2026).

26. Trussoni, L.G.; Caponi, R.; Zuccari, F.; Santiangeli, A.; Orecchini, F.; Bocci, E. Optimizing the size of a hydrogen refueling station
for energy-efficient bus fleet operations. Energy Fuels 2025, 39, 15198–15209. [CrossRef]

27. Basnet, S.; Deschinkel, K.; Le Moyne, L.; Péra, M.C. Cost-optimal hydrogen refueling scheduling for bus fleet in a grid-connected
hybrid renewable energy system. Appl. Energy 2026, 404, 127128. [CrossRef]

28. Lin, H.; Zhao, P.; Wang, F.; Xiong, Y.; He, W.; Zhang, L.; Wu, Y.; Hao, J.; Zhang, S. Real-world usage, emissions, and costs of
hydrogen fuel cell electric truck fleets. Environ. Sci. Technol. 2025, 59, 24755–24766. [CrossRef] [PubMed]

29. Kelly, J.C.; Elgowainy, A.; Vijayagopal, R.; Muratori, M.; Sutherland, I.; Borhan, H.; Kim, H.C.; Alexander, M. Cradle-to-grave
lifecycle analysis of U.S. medium- and heavy-duty vehicle-fuel pathways: A greenhouse gas emissions assessment of current
(2021) and future (2035) technologies. Environ. Sci. Technol. 2026, 60, 5404–5415. [CrossRef] [PubMed]

30. Zhou, P.; Gao, S.; Wang, B.; Wang, Y.; Li, C.; Wang, Y.; Sun, B. Influence of hydrogen fuel cell temperature safety on bus driving
characteristics and stack heating mode. Int. J. Hydrogen Energy 2023, 48, 11541–11554. [CrossRef]

31. Jahromi, M.M.; Heidary, H. Durability and economics investigations on triple stack configuration and its power management
strategy for fuel cell vehicles. Int. J. Hydrogen Energy 2021, 46, 5740–5755. [CrossRef]

32. Lozanovski, A.; Whitehouse, N.; Ko, N.; Whitehouse, S. Sustainability assessment of fuel cell buses in public transport. Sustain-
ability 2018, 10, 1480. [CrossRef]

33. Kim, H.; Hartmann, N.; Zeller, M.; Luise, R.; Soylu, T. Comparative TCO analysis of battery electric and hydrogen fuel cell buses
for public transport system in small to midsize cities. Energies 2021, 14, 4384. [CrossRef]

34. Eudy, L.; Post, M. Fuel Cell Buses in U.S. Transit Fleets: Current Status 2018; NREL/TP-5400-72208; National Renewable Energy
Laboratory: Golden, CO, USA, 2018; 50p.

35. Moradi, R.; Groth, K.M. Hydrogen storage and delivery: Review of the state of the art technologies and risk and reliability
analysis. Int. J. Hydrogen Energy 2019, 44, 12254–12269. [CrossRef]

36. Rivard, E.; Trudeau, M.; Zaghib, K. Hydrogen storage for mobility: A review. Materials 2019, 12, 1973. [CrossRef] [PubMed]
37. Genovese, M.; Cigolotti, V.; Jannelli, E.; Fragiacomo, P. Hydrogen refueling process: Theory, modeling, and in-force applications.

Energies 2023, 16, 2890. [CrossRef]
38. Mayyas, A.; Mann, M. Manufacturing competitiveness analysis for hydrogen refueling stations. Int. J. Hydrogen Energy 2019, 44,

9121–9142. [CrossRef]
39. Rose, P.K.; Neumann, F. Hydrogen refueling station networks for heavy-duty vehicles in future power systems. Transp. Res. Part

D Transp. Environ. 2020, 83, 102358. [CrossRef]
40. Cardona, P.; Costa-Castelló, R.; Roda, V.; Carroquino, J.; Valiño, L.; Ocampo-Martinez, C.; Serra, M. Modelling and operation

strategy approaches for on-site hydrogen refuelling stations. Int. J. Hydrogen Energy 2024, 52, 49–64. [CrossRef]
41. Sutharssan, T.; Montalvao, D.; Chen, Y.K.; Wang, W.C.; Pisac, C.; Elemara, H. A review on prognostics and health monitoring of

proton exchange membrane fuel cell. Renew. Sustain. Energy Rev. 2017, 75, 440–450. [CrossRef]
42. Liu, J.; Luo, W.; Yang, X.; Wu, L. Robust model-based fault diagnosis for PEM fuel cell air-feed system. IEEE Trans. Ind. Electron.

2016, 63, 3261–3270. [CrossRef]
43. Najafi, B.; Bonomi, P.; Casalegno, A.; Rinaldi, F.; Baricci, A. Rapid fault diagnosis of PEM fuel cells through optimal electrochemical

impedance spectroscopy tests. Energies 2020, 13, 3643. [CrossRef]
44. Wong, E.Y.C.; Ho, D.C.K.; So, S.; Tsang, C.W.; Chan, E.M.H. Life cycle assessment of electric vehicles and hydrogen fuel cell

vehicles using the GREET model: A comparative study. Sustainability 2021, 13, 4872. [CrossRef]
45. Ueckerdt, F.; Bauer, C.; Dirnaichner, A.; Everall, J.; Sacchi, R.; Luderer, G. Potential and risks of hydrogen-based e-fuels in climate

change mitigation. Nat. Clim. Change 2021, 11, 384–393. [CrossRef]
46. Fan, L.; Tu, Z.; Chan, S.H. Recent development of hydrogen and fuel cell technologies: A review. Energy Rep. 2021, 7, 8421–8446.

[CrossRef]
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