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Abstract

Hydrogen Fuel Cell Electric Buses (FCEBs) are a promising solution for decarbonizing
public transport. Their operational feasibility in developing countries depends on hydrogen-
supply costs and infrastructure readiness. The Ministry of Energy has reported a 400%
increase in imported natural-gas costs due to current geopolitical tensions between the
United States and Iran, exposing the strategic vulnerability of relying on imported diesel
for public transport. This study assesses the operational hydrogen demand, fuel-cost
implications, and avoided diesel tailpipe carbon dioxide (CO2) emissions associated with
gradually integrating FCEBs into Jordan’s Bus Rapid Transit (BRT) project. The baseline
system consists of 64 diesel buses covering about 11 million kilometers annually, consuming
around 3 million liters of diesel and emitting roughly 8108.3 tons of CO2. Fleet transition
scenarios are assessed for 2030, 2035, and 2040, with FCEB-integration ratios of 10%, 15%,
and 25%. Under the reference assumption of equivalent-duty replacement, avoided diesel
tailpipe CO2 emissions increase with the diesel service displaced by FCEBs, reaching
25.7% at the highest penetration level. At the $6/kg reference hydrogen-price input, FCEB
integration results in higher operational fuel costs than diesel-only operation. Under the
constant diesel-price reference, mixed-fleet operation becomes cost-competitive at hydrogen
prices of $1/kg and $2/kg, with operational fuel-cost savings of up to 16.97%. Within the
operational fuel-cost boundary of this study, mixed-fleet competitiveness is influenced
by both the assumed hydrogen fuel price and diesel-price trajectory. The results support
gradual deployment, subject to the greenhouse-gas intensity of the hydrogen-production
and delivery pathway and the readiness of hydrogen supply and depot infrastructure.

Keywords: Jordan transportation; green hydrogen; BRT; decarbonization; USA–Iran-War-
Induced energy crisis; fuel cell electric buses

1. Introduction
The transportation sector is a fundamental pillar of the global economy as it accounts

for approximately 7% of the global Gross Domestic Product (GDP) and employs nearly
193 million people around the world [1]. However, the sector has heavily relied on fossil
fuels and Internal Combustion Engines (ICEs) since the second half of the 19th century,
posing several economic and environmental challenges [2]. These concerns have been
further intensified by the declining fossil fuel reserves and the continuously growing
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demand for transportation services [3]. Furthermore, the combustion of hydrocarbon
fuels in ICEs releases Greenhouse Gases (GHGs), volatile organic compounds, and fine
particulate matter. These pollutants collectively contribute to air pollution and long-term
environmental damage [4,5]. In 2024, the transportation sector was responsible for roughly
23.3% of global CO2 emissions, thereby constituting the second-largest source of carbon
emissions globally [6].

To effectively address these issues, transitional approaches toward low-carbon trans-
portation systems have become essential. Various solutions have been proposed, including
the electrification of transport, the use of alternative fuels, and the adoption of more effi-
cient technologies [7,8]. While these offer significant emissions-reduction potential, several
operational limitations remain, including the energy density, range, charging time, and
infrastructure readiness [9–11]. These limitations underscore the necessity for complemen-
tary technologies, particularly in heavy-duty and high-demand transport applications such
as shipping, aviation, heavy-duty trucking, and long-haul transportation [12].

In this context, GH2 has emerged as a promising solution for the decarbonization of
the transportation sector [13]. GH2 is a clean energy carrier that is produced via water
electrolysis powered by Renewable Energy Sources (RESs), such as solar, wind, or hy-
dropower. Since its production fully relies on RESs, GH2 is considered an environmentally
friendly alternative fuel that can be utilized in hard-to-abate transportation modes [14,15].
However, the overall greenhouse-gas performance of GH2 depends on the hydrogen-
production and delivery pathway, including the electricity supply, compression, storage,
transport, and dispensing. These upstream emissions are outside the boundary of the
present operational assessment.

To date, the deployment of hydrogen-based transportation solutions remains limited
in developing and emerging economies due to the lack of technological readiness, the
high cost of hydrogen production, and the limited regulatory and policy support, among
many other limitations [16,17]. In Jordan, the transportation sector is among the largest
energy-consuming sectors and significantly contributes to GHG emissions [18]. Therefore,
the country has begun investing in modern public transportation systems in recent years,
including the Bus Rapid Transit (BRT) project, which represents a backbone for public
transportation in Amman and offers an opportunity to explore the integration of low-
carbon mobility technologies [19].

While global research has focused on investigating hydrogen mobility and fuel cell
transportation technologies [20–23], limited research has examined their potential role
within Jordan’s transportation sector, despite the country’s abundant renewable energy
sources that could enable large-scale GH2 production and utilization [24–29]. However,
findings from international studies on hydrogen mobility and Fuel Cell Electric Buses
(FCEBs) cannot be directly transferred to the Jordanian BRT system. The Jordanian case
combines high daily bus utilization, centralized depot operations, heavy dependance on
imported fuels, and an emerging hydrogen infrastructure context. These create a distinct
operational and energy security context for FCEB deployment. Moreover, the implications
of phased FCEB integration for the hydrogen demand, operational fuel costs, and tailpipe
CO2 emissions in Jordanian BRT system remain largely unexplored. Although Battery
Electric Buses (BEBs) and other low-carbon propulsion technologies can contribute to
public transport decarbonization, they are not assessed as competing alternatives in this
study. The present work focuses exclusively on FCEBs as a selected hydrogen-based
transition pathway relative to the existing diesel BRT fleet. Therefore, this study assesses
the operational implications of gradually integrating Fuel Cell Electric Buses (FCEBs)
into Jordan’s BRT system. A scenario-based approach is employed to quantify hydrogen
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demands, operational fuel costs, and avoided diesel tailpipe CO2 emissions relative to the
existing diesel BRT fleet.

2. Green Hydrogen as an Alternative Fuel for Transportation
Alternative fuels are secondary energy carriers or energy sources that partially sub-

stitute for fossil fuels and have the potential to enhance the technical and environmental
performance of energy-related applications [30]. Alternative fuels are produced from vari-
ous primary energy sources and raw materials, including bio-alcohols, biodiesel, liquefied
petroleum gas, biomethane, hydrogen, and electricity generated from fuel cells [31]. Vari-
ous mobility technologies have been developed to utilize these types of fuels over the last
few decades. These include thermal engines [32], electric motors [33,34], fuel cells [35],
and hybrid powertrains [36]. Among these fuels examined to date, GH2 is attracting sig-
nificant attention in the energy field as a viable fuel for transportation [37]. For instance,
a case study in Austria assessed a FCEB fleet supplied with hydrogen produced from
wind energy, illustrating the potential to integrate renewable electricity, electrolysis, and
public bus operation, while identifying investment costs as a major barrier to near-term
competitiveness [38]. A separate study in China applied well-to-wheel and total-cost-of-
ownership models to renewable hydrogen fuel cell vehicles, highlighting the potential of
green hydrogen for road transport while emphasizing the importance of hydrogen cost,
vehicle capital cost, and supportive policy mechanisms [39]. This global interest stems from
hydrogen’s numerous advantages, such as its high energy density, which enables longer
driving ranges for heavy-duty and long-haul transport [40]. For instance, the heating value
of hydrogen is 4, 2.8, and 2.4 times higher than that of coal, gasoline, and methane, respec-
tively [41]. Also, GH2 offers fast refueling times comparable to conventional fuels [42].
Additionally, it overcomes weight constraints and limitations, which are key challenges for
battery-powered transportation technologies [43]. Hydrogen fuel-cell technologies produce
no tailpipe CO2 emissions during operation. Their net greenhouse-gas benefit, however,
depends on the hydrogen-production and delivery pathway [44].

Hydrogen-fueled vehicles should be viable on both economic and technological
grounds to compete with other vehicles [45]. To date, the leading and most popular vehicle
technologies are Internal Combustion Engines (ICEs, also known as thermal engines) and
Battery Electric Vehicles (BEVs). Meanwhile, Hybrid Electric Vehicles (HEVs), Plug-in
Hybrid Electric Vehicles (PHEVs), and hydrogen Fuel Cell Electric Vehicles (FCEVs) are
gaining traction recently [46]. In a study conducted across urban bus routes in Spain, Saudi
Arabia, and India, Tripathi et al. [47] compared conventional diesel buses with Battery
Electric Buses (BEBs) and Fuel Cell Electric Buses (FCEBs) using a life-cycle environmental
and cost assessment for the years 2021, 2030, and 2050. The results showed that both
BEBs and FCEBs involved high life-cycle cost impacts under current conditions, while
the environmental performance of BEBs improved as the share of renewable electricity
increased. The study further highlighted that the relative economic and environmental
performance of diesel, battery-electric, and fuel-cell buses depends strongly on the regional
availability and cost of clean electricity and hydrogen [47].

High costs and a lack of infrastructure are identified as the primary challenges for
FCEVs. Higher vehicle and hydrogen-refueling infrastructure costs remain important
barriers to large-scale FCEV deployment. Comparative studies generally find that FCEBs
currently have higher total costs than BEBs under many operating conditions. However,
the magnitude of this difference depends on the fleet size, route characteristics, charging
or refueling configuration, vehicle price, hydrogen cost, and local energy conditions. Cost
projections indicate that FCEB competitiveness could improve as vehicle and hydrogen
costs decline and hydrogen infrastructure is deployed at scale [48–50]. As for now, there
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is still a shortage of hydrogen fueling stations. In 2019, Japan, Germany, and the United
States had 100, 60, and 42 hydrogen refueling stations, respectively. Other countries remain
significantly behind in developing such infrastructure [51]. Figure 1 illustrates the number
of hydrogen refueling stations by region for the period 2020–2024, with around a 48%
growth rate in China [52].

Figure 1. Hydrogen refueling stations by region 2020–2024 [52].

Numerous initiatives have been undertaken to use FCEVs in transportation networks,
including cars, buses, and shipping trucks. This heavy-duty sector is essential, as it accounts
for 25% of total overall energy use [53]. Regarding FCEB structure, the H2 tank is typically
located at the top of the vehicle with an average capacity of around 40 kg of H2 at 350 bar,
as depicted in the schematic diagram in Figure 2 [41]. It is used as a primary energy source
and converts it into electricity through a fuel cell system to drive an electric motor [54].
The standard FCEB consists of a hydrogen storage tank, a fuel cell stack, energy storage
(such as batteries for peak power and regenerative braking), air compression, thermal
management systems, Heating Ventilation and Air Conditioning (HVAC), and water vapor
exhaust. This design enables zero tailpipe CO2 emissions during operation; however, zero
tailpipe emissions do not by themselves establish zero fuel-cycle greenhouse-gas emissions.
In 2021, Europe had 150 operational FCEBs in duty and 87 in the United States [55,56]. On
the other hand, 4 FCEBs in Cologne, Germany, operated an average of 250 to 300 km per
day, while 13 FCEBs in California accumulated 52,102 h of operation. By the middle of 2020,
South Korea operated 15 FCEBs and plans to fund the acquisition of 630 additional buses
by the end of 2025 [56–59]. The configuration of FCEBs highlighted in this work is depicted
in Figure 3 [60]. The system includes a series of hybrid designs in which hydrogen gas is
stored in specific tanks and then delivered to a PEMFC that serves as the primary energy
source. To meet transitory power needs, enable regenerative braking, and provide load
leveling, the battery serves as an additional power source. As a result, it increases overall
system efficiency and extends the fuel cell’s lifespan. Electric power is then transmitted
to the electric motor (M) via a DC-to-AC inverter, followed by a mechanical gearbox that
spins the wheels. This configuration ensures zero tailpipe emissions during operation and
offers operational flexibility in urban BRT driving conditions.
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Figure 2. Overview of FCEB design. * Heating, Ventilation, and Air Conditioning.

Figure 3. Schematic configuration of FCEBs.

Despite the immense potential of GH2 to support the decarbonization of the trans-
portation sector, it still faces technological limitations. This includes higher costs compared
to other types of fuels, limited mobile storage capacity, and complex infrastructure re-
quirements [61,62]. Also, several obstacles must be addressed to effectively use GH2 as
a replacement fuel in public transport, especially the development and implementation
of infrastructure for the hydrogen value chain, as mentioned in recent literature [62]. It
also examines consumer acceptance of FCEVs and their competitiveness as a sustainable
fuel compared to other options on the market. The production, transportation, storage,
and distribution of GH2 are included in the implementation of its infrastructure, which is
a challenging task at this stage of the energy transition vision. The infrastructure can be
developed based on the raw material type, production process, and energy requirements
for transportation, storage, and refueling stations [63]. Regarding GH2 infrastructure de-
velopment in Jordan, the latest study by the Ministry of Energy and Mineral Resources
(MEMR) indicates significant infrastructure challenges and obstacles to advancing this
sector. The country’s strategy relies on establishing a Common Use Infrastructure (CUI)
in the Aqaba Special Economic Zone. These initiatives come in parallel collaboration
with encompassing energy transmission grids, a water desalination plant, and the Aqaba
port expansion, leading to positioning the country as a regional hub of GH2, hence at-
tracting external investments and promoting the adoption of FCEVs in the transportation
sector [64]. The safety considerations and precautionary measures should be highlighted
when using FCEVs that utilize GH2 in public transport. However, comparing its safety
with that of traditional fuels, such as diesel and gasoline, remains complex [65]. Research
indicates that simulations of hydrogen leaks in vehicles show that the risk of explosion
due to dispersion is minimal. Hence, it can be considered a safe fuel [66,67]. Additional
studies demonstrate that hydrogen fuel poses no greater risk than standard fuels during
car accidents or faults [68,69]. However, hydrogen fuel presents several safety challenges
during storage and use, attributable to its low ignition energy and broad flammability
range in air. Recently published studies are investigating the safety of hydrogen fuel for
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road transportation across vehicle types, since implementing safety measures is crucial to
ensuring the reliability of hydrogen systems and protecting users [68,70]. These include
the durability of hydrogen components, minimal ignition, flammability range, and leak-
age rates. The design of hydrogen systems and the assessment of associated dangers are
equally challenging, presenting difficulties for high-pressure hydrogen storage, collisions,
and flame propagation [71]. Mechanisms are being developed and investigated to identify
potential malfunctions in hydrogen system components and to evaluate the consequences
of these failures [72,73]. Thus, data collection is essential for formulating standards and
regulations. Therefore, it is credible to say that these safety concerns are currently being
addressed, which will facilitate the commercialization of FCEVs [74,75].

3. Jordan Transportation Sector
The transportation sector in Jordan is governed by the Ministry of Transport (MoT),

established in 1965. The MoT launched a strategy plan for 2024–2028 to create a compre-
hensive, sustainable, and adaptable transport system that promotes Jordan as a regional
transport center [76]. The Jordanian transportation sector contributes to the national GDP
range from 5.2% to 5.9% from 2012 to 2018 [76]. Regarding the kingdom’s economic mod-
ernization vision, the MoT plan aims to enhance economic growth, improve the quality of
life, develop transportation infrastructure, reduce traffic, particularly in the capital, Amman,
and mitigate environmental impacts. Reducing reliance on private vehicles, promoting
Electric Vehicles (EVs), whether BEVs or FCEVs, building rail connections, and promoting
non-motorized transportation, such as walking and cycling, are essential to achieve these
goals [77].

Jordan has become increasingly focused on environmental sustainability, aiming to
reduce GHG emissions by 30% in 2030 [78]. The public transport sector in Jordan faces
significant challenges. This includes low reliability and service quality, as well as substantial
contributions to road traffic. These challenges result in an annual economic burden of over
300 million Jordanian Dinars (JD) for Jordan [76]. Since 2014, GHG emissions from the
public transportation sector have increased significantly. As of 2021, the transportation
sector accounted for 10.975 million metric tons (Mt) of carbon dioxide equivalent, or
over 34% of the national total, as depicted in Figure 4, exceeding the global average of
25% [78]. According to the National GHG inventory study conducted by the Ministry of
Environment (MoE), 96% of transport sector emissions are from road transport, due to the
lack of functioning railways in the country. Meanwhile, small passenger cars account for
around 55%, buses 23%, and shipping vehicles 18%. By comparison with global metrics,
road passenger vehicles account for 45% of GHGs, road freight vehicles for 29%, aviation
for about 12%, shipping for 11%, and rail for the remaining 3% [79]. Since most of Jordan’s
transport emissions come from road vehicles, which account for about 96% of all transport
emissions, this is the area where most efforts will need to be made to reach the emissions
reduction target and support Jordan’s national strategy for a greener future.

A sectoral distribution of energy consumption from the total energy demand is con-
ducted by MEMR. In 2024, the transport sector accounted for 42% of total final energy
demand, as shown in Figure 5 [80]. It is important to note that energy intensity in Jor-
dan’s transport sector is considered high, with 0.06 kg of fuel per km for each person and
0.03 kg/km/ton for goods [80]. The specific load of small vehicles in Jordan is 1.3 pas-
sengers/vehicle, which is considered low due to the lack of an efficient public transport
system within cities. This high intensity indicates low energy efficiency when compared to
international benchmarks. According to the International Energy Agency (IEA), energy
intensity in the transport sectors of many EU countries is lower, where the share of final
energy consumption is around 30–32% [81]. Thus, the establishment of new projects such
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as the BRT between Amman and Zarqa governorates, which began operating in 2024, and
the increase in demand for hybrid and electric cars will certainly improve the value of
the above indicators, in addition to reducing energy consumption in the transport sector,
thereby reducing carbon emissions [82].

Figure 4. GHG emissions from the Jordanian transport sector compared to total emissions for the
period (2010–2021).

Figure 5. Percentage of the transport sector’s consumption of final energy for the period 2020–2024.

The capital city of Amman has witnessed rapid growth over the past decade, reflected
by the population growth, new built-up areas, and the concentration of most headquarters
there. This growth has been accompanied by increased traffic in the city, as evidenced by
rising vehicle numbers, traffic volumes, and public transport users, which has negatively
affected citizens’ ability to move around smoothly. Moreover, the costs and adverse effects
of traffic jams have become a common phenomenon on the streets of Amman. Analytical
studies conducted by the Greater Amman Municipality (GAM) indicate that the average
number of daily trips in Amman is approximately 2 per person, placing heavy pressure on
the roads. According to Figure 6, public transport services in Amman governorate account
for a modest share of total daily trips. It is about 13%, divided between buses (5%) and
mini buses (8%) [82]. In contrast, private vehicles account for the largest share of citizens’
daily travel, at 34%, with an annual increase of 8–10% [82]. This increasing reliance on
private cars is the result of inefficient public transport services, which in turn has led to
citizens’ reluctance to use them and a decline in operators’ revenues. This situation has had
a negative impact on the financial burdens of citizens, especially middle-income families,
as transportation costs, including the purchase and operation of vehicles and fuel, have
risen, with citizens spending about 25% of their monthly income to cover these costs.
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Figure 6. (Left). The population growth in Amman for the period (2004–2025). (Right). The share of
daily transport services.

4. Regional Energy Crisis and Implications for Jordan’s Energy Security
The recent escalation of regional geopolitical tensions in the Middle East between the

United States and Iran along Strait of Hormuz conflicts has triggered severe disruptions
across regional energy markets. The direct consequences for the net energy-importing
economies are illustrated in Table 1 [83]. Jordan, which depends on imports for over 90%
of its primary energy supply, has been exposed to sharp cost shocks throughout this pe-
riod [80]. According to a recent statement from MEMR, the import price of liquefied natural
gas (LNG) increased from approximately $7 per million British thermal unit (MMBtu)
before the crisis to nearly $28/MMBtu, which is exceeding 400% [83]. MEMR also indicated
that the national treasury is absorbing an additional daily financial burden of 2.5 to 3 million
Jordanian Dinars (JD), equivalent to roughly 1.3 to 1.5 billion USD on an annual basis [83].
As an operational response, fuel oil has been redeployed at the Aqaba thermal power plant
and diesel fuel has been drawn upon to cover peak electricity demand.

Table 1. Quantitative indicators of regional energy disruptions in Jordan’s energy market.

Parameter Pre-Crisis Level Current Level

LNG import price ($/MMBtu) 7 28
Daily treasury burden (MJD/day) - 2.5
Strategic Petroleum Reserve (days of supply) 30–60 30–60
Power generation reserve (days) ~30 ~30

The implication of this disruption is particularly critical for the transportation sector,
which remains almost entirely dependent on imported diesel and gasoline. Three transmis-
sion channels can be identified through which the regional crisis propagates into transport
operations. First, rising international diesel prices translate into higher operating costs for
the public transport sector, including the BRT system examined in this study. Second, the
displacement of LNG by diesel in domestic power generation increases the overall electric-
ity cost accordingly. Third, a strategic exposure effect persists as long as decarbonization
pathways rely on imported fuel. These three channels operate at the same time and explain
why fuel price stability cannot be assumed in any credible techno-economic assessment
of Jordan’s transport transition. Domestically produced GH2 could reduce exposure to
imported transport-fuel markets, subject to the cost, reliability, electricity source, and infras-
tructure requirements of the hydrogen-supply pathway. From a methodological standpoint,
a constant diesel-price assumption alone is insufficient for examining the fuel-cost implica-
tions of Jordan’s transport transition. Section 7 therefore applies a constant-price reference
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together with annual diesel-price escalation sensitivities of 2%, 4%, and 6%. The 4% case
is treated as the central geopolitical-stress sensitivity, while the 2% and 6% cases provide
lower and higher deterministic bounds. These cases are not forecasts of future diesel prices
and do not simulate short-term geopolitical shocks or monthly price volatility.

5. Methodology
This study employs a case-study-based, quantitative, and scenario-driven methodol-

ogy to assess the operational implications of integrating hydrogen FCEBs into the current
BRT system between Amman and Zarqa governorates, as depicted in Figure 7, which serves
approximately 60,000 passengers daily [82]. The analysis quantifies the hydrogen demand,
operational fuel costs, and avoided diesel tailpipe CO2 emissions across selected FCEB fleet-
penetration scenarios using hydrogen- and diesel-price assumptions. The study data were
collected from the GAM. The analysis is not designed as a comparative technology-selection
exercise between FCEBs, BEBs, and other propulsion technologies. FCEBs are treated as the
selected intervention, and the assessed scenarios compare their phased integration with
the existing diesel BRT baseline.

Figure 7. Jordan Bus rapid transit routes.

The Amman-Zarqa route was selected because of its high passenger demand and
centralized fleet management. The route is 32 km long and links Swaileh Station in Amman
with Zarqa Central Station. The BRT operates daily in both directions from 6:00 AM to
12:00 AM, except on Fridays, when it operates from 8:00 AM to 12:00 AM. The current BRT
fleet consists of 64 diesel buses. The diesel-bus fleet uses King Long XMQ6127 buses, each
with a 300 L fuel-tank capacity, operating under predetermined time slots [84].

The conducted methodology used in the study reflects the existing diesel-powered BRT
system. Figure 8 summarize the methodology approach. The GAM operational data have
been collected to define essential operational parameters. It includes the fleet size, route
length, and daily service configuration. The parameters are integrated with conventional
fuel consumption and emissions factors to estimate daily diesel consumption and carbon
dioxide. The baseline system is the reference for all future comparisons. The study presents
a series of fleet-transition scenarios that use FCEBs along current diesel buses rather than
replacing the entire fleet. This mixed-fleet strategy indicates a practical limitation in the
total capital investment and infrastructure implementation. Three fleet-integration ratios
(10%, 15%, and 25%) are considered for each year (2030, 2035, and 2040). These penetration
levels are selected to represent realistic and progressive adoption pathways under techno-
economic and policy constraints. Ten percent reflects an initial deployment phase. It aligns
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with early market entry and pilot-scale implementation with considering infrastructure
readiness limitations. The second scenario, with a ratio of 15%, represents a moderate
transition stage in which technological improvements are assumed, along with a drop in
costs and infrastructure development. Consequently, the third scenario with a ratio of 25%
acts as optimistic scenario in which an advanced adoption level is assumed. These scenarios
enable a structured assessment of gradual fleet decarbonization and accounting for technical
maturity, market readiness, and policy support in the Jordanian context. The selected
penetration levels are treated as reference planning milestones rather than a prescribed
deployment schedule. In practice, FCEB adoption may follow non-regular pathways,
including delayed deployment, while the hydrogen supply and depot infrastructure are
established, or accelerated deployment if technology performance improves and hydrogen
costs decline. For planning purposes, the total BRT fleet is assumed to increase by one
bus per year. This is an illustrative reference assumption rather than a forecast of future
passenger demand or fleet expansion. Within each reference penetration scenario, each
FCEB is assumed to replace an equivalent amount of diesel-bus service in terms of annual
vehicle-kilometers. Accordingly, the reference results assume equal assigned duty-cycle
distance and full planned service delivery for the FCEBs and the diesel buses that they
replace. Under these reference conditions, hydrogen demand and avoided diesel tailpipe
CO2 emissions vary with the equivalent diesel service displaced, rather than with the
nominal FCEB fleet share alone. Traffic conditions, seasonal demand, route optimization,
passenger loading, HVAC demand, and changes in service frequency are not dynamically
modeled. Their potential effects are examined through the operational sensitivity cases
described in Section 7.3.

Hydrogen demand is estimated using an incremental operational approach based
on FCEB vehicle-kilometers and a reference hydrogen-consumption rate. In the reference
scenarios, each FCEB is assigned the same daily distance as the diesel-bus service it replaces,
and hydrogen consumption is calculated using a reference rate of 0.09 kgH2/km. Total
daily hydrogen demand is calculated by multiplying the per-bus hydrogen demand by the
number of FCEBs operating on the corridor. A depot-based hydrogen refueling method
has been suggested due to the presence of a fixed depot and clear structure. Depot-based
overnight refueling is considered as a preliminary operational assumption because the
corridor has centralized fleet management. Its feasibility depends on station storage,
compression, dispensing capacity, refueling throughput, available depot time windows,
and supply reliability. No depot engineering design, storage-sizing calculation, compressor-
sizing calculation, dispenser-throughput calculation, or refueling schedule is developed
in the present study. The comparative assessment of diesel and FCEBs is performed
across the following areas: operational functionality (evaluating hydrogen’s demand),
economic aspects (fuel costs), and environmental impact (calculating the reduction in
carbon emissions resulting from a partial fleet replacement, assuming zero operational
tailpipe emissions for FCEBs). The analysis relies on deterministic bottom-up calculations
as follows:
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Figure 8. Methodology flow chart for Amman-Zarqa BRT hydrogen FCEB integration.

5.1. Operational Distance
5.1.1. The Annual Distance Traveled by a Single Bus Is Calculated as

Dbus,year = Dbus,day × Ndays (1)

where Dbus,year is the annual distance traveled by a single bus on an annual basis in kilome-
ters per year (km/year), Dbus,day is the distance traveled by each bus daily in kilometers
per day (km/day), and Ndays is the number of operational days for the buses’ fleet.

5.1.2. The Total Annual Distance Traveled by the BRT Fleet Is

D f leet,year = Dbus,year × Nbuses (2)

where D f leet,year is the annual distance collectively traveled by the buses’ fleet in kilometers
per year (km/year) and Nbuses is the number of buses within the fleet.

5.2. Baseline Diesel Consumption
5.2.1. The Average Diesel Consumption per Kilometer Is Calculated as

Fdiesel =
Fbus, day

Dbus,day
(3)

where Fdiesel is the average diesel consumption for each bus in liters per kilometer (L/km)
and Fbus, day is the diesel consumed by each bus in a single bus day (L/day).

5.2.2. The Total Annual Diesel Consumption of the Fleet in the Baseline Scenario Is
Given by

Ff leet,year = Fbus, day × Nbuses × Ndays (4)

where Ff leet,year is the annual diesel consumption of the fleet in the baseline scenario in
liters per year (L/year).
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5.3. Baseline Diesel Tailpipe CO2 Emissions
5.3.1. The Direct-Combustion Diesel Tailpipe Emission Factor Is Derived from the
Operational Data as

EFdiesel =
Ebus, day

Fbus, day
(5)

where EFdiesel is the diesel emission factor in kilograms of CO2 per liter (kgCO2/L) and
Ebus,day represents the emissions resulting from each bus per day in kilograms of CO2 per
day (kgCO2/day).

5.3.2. The Total Annual Diesel Tailpipe CO2 Emissions in the Baseline Scenario Are
Calculated as Follows:

E f leet,year,baseline = Ff leet,year × EFdiesel (6)

where E f leet,year,baseline is the total emissions resulting from the entire fleet on an annual
basis (kgCO2/year).

5.3.3. The Total Annual Diesel Tailpipe CO2 Emissions in the Transition Scenarios Are
Calculated as

E f leet,year,scenario = (1 − p)× E f leet,year,baseline (7)

where E f leet,year,scenario represents the total emissions resulting from the entire fleet annually
under different penetration scenarios (kgCO2/year) and p represents the FCEB penetration
ratio (%).

5.4. Fleet Transition Scenarios
5.4.1. The Number of FCEBs Introduced in Each Scenario Is Calculated as

NFCEBs = p × Nbuses (8)

where NFCEBs is the number of FCEBs introduced in each scenario.

5.4.2. The Remaining Number of Diesel Buses Is Calculated as

Ndiesel = Nbuses − NFCEBs (9)

where Ndiesel is the number of diesel buses not to be substituted with FCEBs.

5.5. Hydrogen Consumption Rate
5.5.1. The Daily Hydrogen Consumption per FCEB Is Calculated as

H2,bus,day = Dbus,day × H2 rate (10)

where H2, bus,day is hydrogen’s consumption per FCEB on a daily basis in kilograms per
day (kgH2/day) and H2 rate is the rate of hydrogen’s consumption (kgH2/km).

5.5.2. The Total Daily Hydrogen Demand for the Fleet Is Calculated as

H2, f leet,day = H2,bus,day × NFCEBs (11)

where H2, f leet,day is hydrogen’s consumption for all FCEBs on a daily basis (kgH2/day).

5.5.3. The Annual Hydrogen Demand Is Then Calculated as

H2, f leet,year = H2, f leet,day × Ndays (12)
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where H2, f leet,year is hydrogen’s consumption for all FCEBs annually (kgH2/year).

5.5.4. Operational Utilization and Sensitivity Assumptions

The reference scenarios assume that each FCEB delivers the same annual vehicle-
kilometers as the diesel-bus service it replaces. To examine partial route allocation, varying
duty cycles, seasonal service changes, and differences in service availability, an operational-
utilization factor, U, is introduced. The factor represents the ratio between the annual
vehicle-kilometers delivered by an FCEB and the annual vehicle-kilometers of the equiva-
lent diesel-bus service in the reference case.

A value of U = 1.00 represents equivalent full-duty replacement. Values below 1.00
represent partial route or duty-cycle allocation, lower service intensity, or reduced service
availability. Values below U = 1.00 may also represent reduced FCEB availability caused by
maintenance downtime, fuel-cell degradation, or stack replacement; these mechanisms are
not modeled separately. Values above 1.00 represent an increased annual operating distance
relative to the reference case. The operational sensitivity analysis applies alternative values
of U while retaining the same fleet-penetration milestones.

Hydrogen demand is affected by both the operational-utilization factor and the
hydrogen-consumption rate. Avoided diesel tailpipe CO2 emissions are affected by the
equivalent diesel service displaced. Therefore, proportionality among the FCEB share,
hydrogen demand, and avoided diesel tailpipe CO2 emissions applies only under the
reference condition of U = 1.00 and a fixed hydrogen-consumption rate.

LFCEB,s
adj = Us × LFCEB,s

re f (13)

where LFCEB,s
adj is the adjusted annual FCEB service distance for sensitivity case s,

LFCEB,s
re f is the annual FCEB service distance in the reference case, and Us is the operational-

utilization factor. The adjusted service distance is used in Equation (13) to calculate hydro-
gen demand under each operational sensitivity case.

5.6. Avoided Diesel Tailpipe CO2 Emission Reduction
5.6.1. The Total Annual Diesel Tailpipe CO2 Emissions Under Each Transition Scenario Are
Calculated as

E f leet,scenario = Fdiesel,scenario × EFdiesel (14)

where E f leet,scenario represents annual emissions resulting from each scenario in kg of CO2

per year (kgCO2/year) and Fdiesel,scenario is the diesel fuel consumed by the fleet under each
scenario on an annual basis (L/year).

5.6.2. The Avoided Diesel Tailpipe Emissions Relative to the Baseline Is Calculated as

∆CO2 = E f leet,baseline − E f leet,scenario (15)

%∆CO2 =
∆CO2

E f leet,baseline
× 100 (16)

5.6.3. Operational Sensitivity Adjustment for Avoided Tailpipe Emissions

For the operational sensitivity analysis, avoided diesel tailpipe CO2 emissions are
adjusted according to the equivalent diesel service displaced by FCEBs:

∆Etailpipe,s
adj = Us × ∆Etailpipe,s

re f (17)
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where ∆Etailpipe,s
adj is the avoided diesel tailpipe CO2 emissions in sensitivity case s, Us

is the operational-utilization factor, and ∆Etailpipe,s
re f is the corresponding avoided diesel

tailpipe CO2 emissions in the reference case. Equation (17) is applied only in the opera-
tional sensitivity analysis and does not modify the reference-case results presented in the
following section.

5.7. Fuel Cost Calculation
5.7.1. The Diesel Fuel Cost per Kilometer Is Calculated as

Cdiesel,km =
Cdiesel,day

Dbus, day
(18)

where Cdiesel,km is the specific cost of fuel per kilometer ($/km) and Cdiesel,day is the cost of
diesel consumed by each bus on a daily basis ($/day).

5.7.2. The Hydrogen Fuel Cost per Kilometer Is Calculated as

CH2,km =
H2,bus,day × PH2

Dbus, day
(19)

where CH2,km is the specific cost of hydrogen per kilometer ($/km) and PH2 is unit price of
hydrogen per kilogram ($/kgH2).

5.7.3. The Annual Diesel Cost per (Scenario) Is Calculated as

Cdiesel,year = Fdiesel,scenario × Pdiesel (20)

where Cdiesel,year is the total cost of diesel consumed by the fleet on an annual basis ($/year)
and Pdiesel is the unit price of diesel per liter ($/L).

5.7.4. Annual Hydrogen Cost (Scenario)

CH2 ,year = H2, f leet,year × PH2 (21)

where CH2 ,year is the total cost of hydrogen consumed by the fleet annually ($/year).
Accordingly, the equations translate fuel consumption quantities into cost metrics

per km and on an annual basis for each evaluated scenario. This data-driven approach
facilitates an estimate evaluation of GH2 integration into the Amman–Zarqa BRT system
as part of supporting energy-transition initiatives in the country, utilizing real fleet and
route data from the GAM. The methodology is built to facilitate preliminary planning and
decision-making for transitions to low-carbon public transport.

6. Results and Discussion
This section outlines the outcomes of integrating FCEBs into the Amman-Zarqa BRT

corridor from a techno-economic and environmental point of view. Initially, the baseline
calculations were conducted based on data obtained from the GAM, manufacturers’ speci-
fications, and literature. Thereafter, a set of scenarios was assessed considering 10%, 15%,
and 25% penetration rates of FCEBs into the Amman-Zarqa corridor for the years 2030,
2035, and 2040.

6.1. BRT Baseline Calculations

The baseline operational measures are illustrated in Table 2 [82]. It presents essential
operational, economic, and environmental parameters based on GAM data with applying
equations from Equation (1) to Equation (7). The system is managed by a fleet of 64 diesel
buses, with a centralized depot-based structure located at the main stations. The selected
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route covers an average of 480 km daily, with a total fleet mileage of 11 million km per
year across 365 operating days. This high occupancy is reflected in the system’s fuel
consumption. Each bus uses roughly 130 liters (L) of diesel daily and has an average fuel
intensity of 0.271 L/km. Hence, the fleet’s annual diesel consumption is approximately
3 ML [82].

Table 2. Baseline data for the Amman-Zarqa BRT system.

Indicator Value

Number of buses 64
Average daily distance per bus (km/day) 480
Total fleet distance (km/day-km/year) 30,720–11,212,800
Diesel consumption per bus (L/day) 130
Diesel consumption intensity (L/km) 0.271
Total diesel consumption (L/day-L/year) 8320–3,036,800
Diesel tailpipe CO2 emission factor (kg CO2/L) 2.67
Total diesel tailpipe CO2 emissions (tCO2/day–tCO2/year) 22.2–8108.3
Fuel cost per bus ($/day) 134.42
Total fuel cost ($/day–$/year) 8602.88–3,140,051.2

Note: The diesel tailpipe emission factor is a generic direct-combustion planning factor derived from IPCC default
fuel-combustion data and a representative diesel net calorific value. It is not a Jordan-specific fuel-characterization
measurement.

The annual baseline CO2 is around 8100 tons. This metric is calculated using a generic
direct-combustion diesel emission factor of 2.67 kg CO2/L for diesel fuel [85]. The engine
type is Cummins manufacturer ISL 8.9, which is designed to meet the Euro 5 emissions
standard [86]. To that end, these indicators encourage us to evaluate the potential for
transitioning to the low-carbon public transport sector through the gradual implementation
of FCEBs. The estimation approach for the hydrogen consumption rate is calculated
based on previous studies in the literature on urban FCEBs. Recent applied projects and
operational studies of this type of bus in Europe reveal typical consumption rates between
0.08 and 0.1 kg of hydrogen per km under urban driving conditions. These measures
primarily depend on bus size, occupancy, area topology, and operational intensity [87].

Based on the reported urban-FCEB range of 0.08–0.10 kgH2/km, a reference value
of 0.09 kgH2/km is adopted for the baseline scenarios. This value is used as a planning
assumption rather than as a site-specific validation of FCEB performance under Amman-
Zarqa traffic conditions, seasonal demands, passenger loading, HVAC demands, route
topology, altitude, or maintenance conditions. The influence of alternative consumption
values is examined in the operational sensitivity analysis in Section 7.3. The selected
XMQ6127AGFCEV specifications are used as preliminary planning inputs because the
vehicle is commercially available and its reported range and refueling characteristics are
relevant to BRT operation. However, these specifications do not establish route-specific
suitability for the Amman-Zarqa corridor. The manufacturer-reported range is up to 800 km
per refueling cycle, with a refueling duration of approximately 20 min [88]. These values
provide a preliminary indication of potential night-time refueling but do not demonstrate
depot-wide refueling feasibility. Lastly, the specific fuel cost of diesel is set at $1.034/L
based on GAM data [82]. Route-specific validation under Amman-Zarqa climate, altitude,
passenger loading, HVAC demand, maintenance conditions, and operating duty cycles is
required before deployment.
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6.2. Hydrogen Demand for FCEBs Under Implementation Scenarios

This section demonstrates the results of hydrogen demand estimation for the gradual
integration of FCEBs in the BRT system fleet. The daily and annual hydrogen demand
for each scenario is listed in Table 3 upon applying equations (Equations (8)–(12)). Under
the reference assumption that each FCEB delivers equivalent annual vehicle-kilometers
at a fixed hydrogen-consumption rate of 0.09 kgH2/km, hydrogen demand increases in
proportion to the equivalent diesel service displaced. This relationship is conditional on
the reference operating profile and does not represent a general forecast under changing
traffic, seasonal demand, route allocation, passenger loading, or FCEB availability. The
number of FCEBs is rounded to the nearest total fleet size based on the integration ratio
for each year. Moderate H2 demand at low penetration levels (10% by 2030) indicates that
initial deployment may be facilitated by a small-scale supply chain that transports H2 by
specialized trucks from the Aqaba Hub to the Amman refueling station [11]. Hence, the
increased demand underscores the need to expand refueling capacity, storage systems,
and logistical planning. This delivery arrangement is used only as an operational supply
assumption. Its upstream greenhouse-gas emissions, logistics costs, delivery losses, and
detailed infrastructure requirements are not quantified in the present study. The study
also does not quantify the required truck fleet, delivery frequency, supply-chain scalability,
or transport losses. Where a liquid-hydrogen delivery mode is selected, boil-off would
require a separate assessment; where compressed gaseous hydrogen is selected, loading,
unloading, venting, and compression losses would require separate assessment.

Table 3. Reference-case hydrogen demand under equivalent-duty FCEB replacement in the BRT fleet,
2030–2040.

Year

Parameter FCEB Share
(%)

Fleet Size Number of
Diesel Buses

Number of
FCEBs

H2 Demand
(kg/Day)

H2 Demand
(t/Year)

2030
10% 70 63 7 302.4 110.38
15% 70 59 11 475.2 173.45
25% 70 52 18 777.6 283.82

2035
10% 75 67 8 345.6 126.14
15% 75 64 11 475.2 173.45
25% 75 56 19 820.8 299.59

2040
10% 80 72 8 345.6 126.14
15% 80 68 12 518.4 189.22
25% 80 60 20 864.0 315.36

Note: Fleet sizes in 2030, 2035, and 2040 are derived from the illustrative assumption of one additional BRT bus
per year stated in Section 5. They are not GAM ridership forecasts or validated fleet-growth projections.

6.3. Avoided Diesel Tailpipe CO2 Emissions Under FCEB Integration

This section quantifies avoided diesel tailpipe CO2 emissions associated with the
gradual integration of FCEBs into the BRT system using Equations (14)–(16). The calculation
relies on fleet fuel consumption, a fixed direct-combustion diesel emission factor, and
the reference operating profile. In the reference case, each FCEB is assumed to deliver
equivalent annual vehicle-kilometers to the diesel-bus service it replaces and to have zero
tailpipe CO2 emissions during operation.

Accordingly, Table 4 shows that avoided diesel tailpipe CO2 emissions increase in
proportion to the equivalent diesel service displaced under these fixed reference conditions.
This relationship does not mean that nominal FCEB fleet share alone determines avoided
emissions under all real-world operating conditions. Changes in route allocation, service
intensity, traffic conditions, seasonal demand, passenger loading, HVAC demand, energy
use, vehicle availability, or maintenance downtime may alter the diesel service actually
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displaced and, consequently, the resulting hydrogen demand and avoided diesel tailpipe
CO2 emissions. The operational sensitivity analysis in Section 7.3 examines the influence of
alternative hydrogen-consumption rates and FCEB operational-utilization levels.

Table 4. Reference-case avoided diesel tailpipe CO2 emissions under equivalent-duty FCEB replace-
ment, 2030–2040.

Year

Parameter

FCEBs Share (%)
Diesel Tailpipe
CO2 Emissions

(t/Year)

Avoided Diesel
Tailpipe CO2

Reduction (t/Year)

10% 7981.6 886.8
2030 15% 7474.8 1393.6

25% 6588 2280.4
10% 8488.3 1013.5

2035 15% 8108.3 1393.6
25% 7094.3 2407.6
10% 9121.8 1013.5

2040 15% 8615 1520.3
25% 7601.5 2533.8

The values in Table 4 represent avoided diesel tailpipe CO2 emissions only and do
not represent well-to-wheel or full life-cycle greenhouse-gas reductions. Within this stated
assessment boundary, the results provide reference planning estimates for a phased FCEB
transition. Detailed validation of operational performance, hydrogen supply, infrastructure
capacity, and fleet availability remains necessary before deployment.

6.4. Economic Implications of FCEB Gradual Integration into the BRT System

The economic implications of FCEBs within the baseline BRT system are presented
in this section, with an emphasis on operational energy costs. The fuel cost indicators
for each scenario are summarized in Table 5 and were found by applying equations
(Equations (18)–(21)). Under current operating conditions, each diesel bus consumes
roughly 130 L/day over 480 km/day. It translates to an average operating cost of $0.28/km.
According to FCEBs, the fuel costs delivered to the refueling station are assumed based on
recent research [11]. For the reference operational fuel-cost case, an assumed hydrogen fuel-
price input of $6/kg is adopted based on the Jordan-related estimate reported in [11]. This
value is used as a scenario input rather than as a project-specific calculation of the Levelized
Cost of Hydrogen. The model does not separately quantify hydrogen-production, compres-
sion, transport from Aqaba to Amman, storage, dispensing, taxes, or supplier-margin com-
ponents. Therefore, the value should not be interpreted as a detailed delivered-hydrogen
price for a fully engineered supply chain. At the reference hydrogen-consumption rate
of 0.09 kgH2/km, each FCEB requires 43.2 kgH2/day. The annual hydrogen fuel cost is
calculated by multiplying annual hydrogen consumption by the assumed hydrogen fuel
price. The introduced FCEB share reallocates a portion of operational fuel expenditure from
diesel to hydrogen. Because vehicle and refueling-infrastructure CAPEX, maintenance,
financing, stack replacement, and total cost of ownership are excluded, this result does not
establish investment risk, payback, or overall project viability.
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Table 5. Summary of H2, diesel, and total fuel costs of FCEB BRT system fleet in years of 2030, 2035,
and 2040.

Scenario FCEBs Share
(%)

Diesel Cost
(M$/y)

H2 Fuel Cost
(M$/y)

Total Fuel Cost
(M$/y)

10% 3.091 0.662 3.753
2030 15% 2.895 1.041 3.935

25% 2.551 1.703 4.254
10% 3.287 0.757 4.044

2035 15% 3.140 1.041 4.181
25% 2.748 1.798 4.545
10% 3.533 0.757 4.289

2040 15% 3.336 1.135 4.472
25% 2.944 1.892 4.836

6.5. Policy Implications

This study offers a thorough evaluation of the trade-offs related to hydrogen adoption
in the urban public transport. From a technical perspective, the centralized BRT corridor
and depot structure provide a defined reference basis for estimating hydrogen demand and
considering phased refueling-infrastructure expansion. As depicted in Figure 9, H2 demand
increases gradually under the proposed deployment strategy. This may enable phased
expansion of refueling infrastructure and supply arrangements, subject to confirmation
of depot storage, compression, dispensing capacity, available refueling windows, service
allocation, and vehicle availability. In the 2040, 25% FCEB reference case, the estimated
hydrogen demand is 864 kgH2/day. This value is a planning demand indicator, not a station
design. Before advancing beyond pilot deployment, a depot-specific engineering and
supply-chain assessment should confirm storage inventory, compressor capacity, dispenser
number and filling rate, available refueling window, delivery frequency, safety separation,
supply reliability, and operational redundancy.

Figure 9. Growth of annual hydrogen demand under gradual integration of FCEBs across the
milestone years 2030, 2035, and 2040.

Under the equivalent-duty reference assumptions, Figure 10 illustrates that avoided
diesel tailpipe CO2 emissions increase with the diesel service displaced by FCEBs. This
relationship is conditional on the fixed reference operating profile and should not be
interpreted as a general relationship between nominal FCEB fleet share and total system-
wide emissions. Changes in service allocation, traffic conditions, passenger loading, energy
use, or vehicle availability may alter the diesel service displaced and the associated tailpipe-
emission outcome.
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Figure 10. Reference-case avoided diesel tailpipe CO2 emissions under equivalent-duty FCEB
replacement.

Consequently, the reference scenarios support a staged, policy-backed transition. The
10% and 15% FCEB shares may serve as initial pilot benchmarks rather than a fixed adop-
tion schedule. Deployment may be delayed by infrastructure and supply constraints or
accelerated by lower hydrogen costs and improved vehicle performance. Technology im-
provements in fuel-cell efficiency, hydrogen consumption, durability, refueling, and vehicle
availability could reduce the future hydrogen demand and operating costs. The scenarios
should therefore be updated as operational data become available. A phased infrastructure
approach is required, beginning with hydrogen delivery, depot storage, compression and
dispensing equipment, safety procedures, and trained personnel. Higher FCEB penetration
should follow only after a depot-specific engineering and supply-chain assessment verifies
refueling capacity, storage inventory, compressor and dispensing throughput, delivery
frequency, safety requirements, supply reliability, and operational redundancy.

7. Sensitivity Analysis
This section evaluates the sensitivity of the FCEB integration results to selected eco-

nomic and operational assumptions. It comprises three analyses: hydrogen-price sensitivity
under constant diesel pricing, diesel-price sensitivity under alternative geopolitical-stress
trajectories, and operational sensitivity of hydrogen demand and avoided diesel tailpipe
CO2 emissions. The first two analyses evaluate operational fuel-cost outcomes, whereas
the third examines the effect of alternative hydrogen-consumption rates and FCEB service-
delivery levels on the physical demand and tailpipe-emission results.

7.1. Hydrogen Price Sensitivity with Constant Diesel Pricing

Section 6.4 applies a static reference hydrogen fuel-price input of $6/kg. This section
evaluates an illustrative hydrogen-price sensitivity pathway using $4/kg, $2/kg, and
$1/kg for the 2030, 2035, and 2040 milestone scenarios, respectively. These values are
not presented as forecasts of future hydrogen prices in Jordan. They also do not model
electricity-price volatility, production outages, delivery disruptions, or geopolitical risks
affecting hydrogen cost and supply reliability. Instead, they represent moderate, low-cost,
and exploratory low-cost cases used to examine the sensitivity of operational fuel-cost
outcomes to hydrogen-price variation.

The assumed decline in the hydrogen price reflects the expected effects of techno-
logical advancement, economies of scale, and the expansion of hydrogen-production
applications [89]. The $4/kg case represents a moderate reduction from the reference input,
the $2/kg case represents a low-cost sensitivity case, and the $1/kg case represents an
exploratory long-term low-cost case. The latter should not be interpreted as a guaranteed
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2040 price for Jordan or as a fully delivered depot price. The diesel price is held constant at
$1.034/L in this subsection to isolate the effect of the hydrogen-price input [90].

The hydrogen price used in this analysis is an operational fuel-cost input. It is not
a calculated Levelized Cost of Hydrogen value and does not separately model hydro-
gen production, compression, transport, storage, dispensing, hydrogen-supply reliability,
electricity-price volatility, detailed delivery logistics, or depot-infrastructure capacity. These
issues require separate supply-chain, infrastructure, and total-cost-of-ownership assess-
ments. The following equations calculate the annual operational fuel cost of the mixed
fleet and enable comparison with the diesel-only reference under the same diesel-price
assumption.

One-way variable PH2 ∈ {1, 2, 4 } $/kg (22)

CH2 = CH2 baseline ×
P
6

(23)

Ctotal = CD + CH2
(24)

Under the constant-diesel-price cases that illustrated in Table 6, the mixed fleet has
higher operational fuel costs in 2030 at an assumed hydrogen price of $4/kgH2. At $2/kgH2

in 2035, the mixed fleet becomes less costly than the diesel-only reference, with operational
fuel-cost savings ranging from 3.81% to 9.06%. At $1/kgH2 in 2040, the savings increase
to a maximum of 16.97%. Within the operational fuel-cost boundary of the model, the
assumed hydrogen fuel price is a primary driver of the cost outcome. These results do not
establish overall economic viability because vehicle and refueling-infrastructure CAPEX,
maintenance, financing, stack replacement, and total cost of ownership are excluded.

Table 6. Hydrogen-price sensitivity of operational fuel costs under constant diesel pricing.

Scenario FCEBs
Share(%)

H2 Price
($/kg)

Diesel
Price ($/L)

Diesel-Only
Fuel Cost (M$/y)

Mixed Fleet
Fuel Cost (M$/y)

Net Savings
(M$/y)

Savings
(%) *

10% 3.534 −0.098 −2.85
2030 15% 4 1.034 3.437 3.59 −0.154 −4.47

25% 3.688 −0.252 −7.32
10% 3.542 +0.14 +3.81

2035 15% 2 1.034 3.682 3.489 +0.193 +5.25
25% 3.348 +0.334 +9.06
10% 3.661 +0.267 +6.79

2040 15% 1 1.034 3.927 3.528 +0.4 +10.18
25% 3.261 +0.667 +16.97

* Positive Net Savings indicate that the mixed-fleet costs less than the all-diesel reference; negative values
denote a cost premium. Note: The hydrogen-price values are illustrative operational fuel-price inputs. They
do not represent calculated Levelized Cost of Hydrogen values, confirmed future prices in Jordan, or detailed
delivered-hydrogen prices for a fully engineered Aqaba-to-Amman supply chain.

7.2. Diesel-Price Sensitivity Under Alternative Geopolitical-Stress Trajectories

The constant diesel-price reference in Section 7.1 does not capture the fuel-price
volatility discussed in Section 4. Therefore, this subsection examines the effect of diesel-
price escalation on operational fuel-cost outcomes while retaining the hydrogen-price
assumptions used in Section 7.1. The reference values and diesel-price escalation sensitivity
cases used in this analysis are summarized in Table 7.
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Table 7. Reference values and author-defined diesel-price escalation sensitivity cases.

Reference Time Horizon Implied CAGR Calibration Role

IEA world energy outlook 2024 [91] 25 years 0.94% Lower bound
Global petrol price [92] 2 years 43% Upper bound
EIA Short-Term Energy Outlook 2026 [93] 1 year 31.1% Near-term pressure
World Bank/Jordan macroeconomic data [94] 55 years 5.6% Macroeconomic baseline
This study 2025–2040 2% Lower diesel-price escalation sensitivity
This study 2025–2040 4% Central geopolitical-stress sensitivity
This study 2025–2040 6% Higher diesel-price escalation sensitivity

Note: The 2%, 4%, and 6% rates are author-defined deterministic sensitivity cases. They are not direct forecasts
derived from an individual source.

The central diesel-price trajectory applies a 4% annual escalation rate to all milestone
scenarios in Table 8, Panel A. In addition, the fixed 2040, 25% FCEB reference case is exam-
ined under lower and higher annual escalation rates of 2% and 6%, respectively, in Table 8,
Panel B. These cases assess the consequences of slower and faster diesel-price growth
around the central 4% geopolitical-stress sensitivity. They are deterministic sensitivity
cases, not forecasts of future diesel prices, and they do not simulate monthly volatility,
supply interruptions, or short-term geopolitical shocks. The diesel-price sensitivity should
therefore not be interpreted as evidence that hydrogen cost or supply reliability is unaf-
fected by geopolitical or market disruption.

Ctotal = CD + CH2
(25)

Table 8. Operational fuel-cost sensitivity under alternative diesel-price trajectories.

Panel A. Central 4% annual diesel-price escalation trajectory.

Scenario FCEBs Share (%)
H2

Price
($/kg)

Diesel Price
($/L)

Diesel-only fuel
cost (M$/y)

Mixed
fleet

fuel cost
(M$/y)

Net
savings
(M$/y)

Savings
(%)

10% 4.204 −0.023 −0.56
2030 15% 4 1.258 4.181 4.218 −0.037 −0.88

25% 4.241 −0.06 −1.44
10% 5.121 +0.329 +6.04

2035 15% 2 1.531 5.45 4.998 +0.452 +8.3
25% 4.669 +0.782 +14.34
10% 6.492 +0.581 +8.22

2040 15% 1 1.862 7.073 6.201 +0.872 +12.32
25% 5.62 +1.453 +20.54

Panel B. Diesel-price escalation sensitivity for the fixed 2040, 25% FCEB reference case.

Annual
diesel-price

growth
Diesel price in 2040 ($/L) Diesel-only fuel

cost (M$/year)
Mixed-fleet fuel cost

(M$/year)

Net
savings

(M$/year)

Savings
(%)

0%, constant-price
reference 1.034 3.927 3.261 +0.667 +16.97

2%, lower
sensitivity 1.392 5.286 4.280 +1.006 +19.03

4%, central
sensitivity 1.862 7.073 5.620 +1.453 +20.54

6%, higher
sensitivity 2.478 9.412 7.375 +2.038 +21.65

Note: Panel B uses the fixed 2040, 25% FCEB reference case, including 20 FCEBs, annual hydrogen demand of
315.36 tH2/year, a hydrogen price of $1/kgH2, and equivalent-duty replacement assumptions.
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For the central trajectory in Table 8, Panel A, the annual diesel-price growth rate is set
at 4%. For the fixed 2040, 25% FCEB sensitivity case in Panel B, the annual growth rate
is set at 2%, 4%, and 6%. The constant diesel-price case in Section 7.1 represents the 0%
annual growth reference.

Table 8, Panel A compares the central 4% annual diesel-price escalation trajectory with
the constant diesel-price reference in Table 6. At 25% FCEB penetration, the operational fuel-
cost differential in 2030 decreases from −7.32% under the constant diesel-price reference
to −1.44% under the 4% escalation trajectory. In 2035, the operational fuel-cost saving
increases from 9.06% to 14.34%, while in 2040 it increases from 16.97% to 20.54%, as shown
in Figure 11. These results indicate that the operational fuel-cost competitiveness of the
FCEB scenarios improves under the central upward diesel-price trajectory.

Figure 11. Comparison of net operational fuel-cost savings under the constant diesel-price reference
and the central 4% annual diesel-price escalation scenario.

Table 8, Panel B examines slower and faster diesel-price escalation for the fixed 2040,
25% FCEB reference case. Under the 2% lower escalation sensitivity, the operational fuel-
cost saving is 19.03%. Under the 4% central sensitivity, the saving is 20.54%, while under
the 6% higher sensitivity, it increases to 21.65%. Therefore, within the tested range, higher
diesel-price escalation increases the operational fuel-cost advantage of the mixed fleet,
whereas lower escalation reduces, but does not eliminate, that advantage.

These findings are conditional on the assumed hydrogen price, fleet configuration,
annual service distance, and excluded cost categories. They do not simulate short-term
market shocks, fuel-supply interruptions, or monthly diesel-price volatility.

7.3. Operational Sensitivity of Hydrogen Demand and Avoided Diesel Tailpipe CO2 Emissions

The preceding sensitivity analyses examine alternative hydrogen-price inputs and
diesel-price escalation sensitivity cases. The reference fleet-transition scenarios also as-
sume equivalent full-duty replacement, a fixed annual service distance, and a hydrogen-
consumption rate of 0.09 kgH2/km. To examine the influence of operational variability,
bounded deterministic sensitivity cases are applied for hydrogen-consumption rate and
FCEB operational utilization.

The analysis does not simulate traffic conditions, seasonal demand, route optimization,
passenger loading, HVAC operation, vehicle degradation, maintenance downtime, or
service disruption individually. Instead, these factors are represented through alternative
hydrogen-consumption rates and FCEB service-delivery levels. The cases are illustrative
planning sensitivities, not operational forecasts or dispatch recommendations.
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The 2040 scenario with 25% FCEB penetration is used as the representative high-
penetration case. Under the reference condition of U = 1.00, it includes 20 FCEBs, a daily
hydrogen demand of 864 kgH2/day, an annual hydrogen demand of 315.36 tH2/year, and
avoided diesel tailpipe CO2 emissions of 2533.8 tCO2/year.

As shown in Table 9, the hydrogen-consumption rate directly affects hydrogen demand
and associated hydrogen fuel-cost outcomes. Avoided diesel tailpipe CO2 emissions remain
unchanged because the equivalent diesel service displaced is held constant at U = 1.00.
The tested range corresponds to the urban-FCEB consumption range adopted in Section 6.1.

Table 9. Hydrogen-consumption sensitivity for the 2040, 25% FCEB reference case (U = 1.00).

Hydrogen Consumption
Rate

Hydrogen Demand
(kgH2/Day)

Annual Hydrogen
Demand (tH2/Year)

Avoided Diesel Tailpipe
CO2 Emissions (tCO2/Year)

0.08 kgH2/km 768.0 280.32 2533.8
0.09 kgH2/km, reference 864.0 315.36 2533.8

0.1 kgH2/km 960.0 350.40 2533.8

Table 10 demonstrates that the nominal FCEB fleet share is not, by itself, sufficient
to determine hydrogen demand or avoided diesel tailpipe CO2 emissions. The outcomes
depend on the annual FCEB service actually delivered relative to the diesel service dis-
placed. Reduced-U cases can represent partial duty allocation or lower FCEB availability
associated with maintenance downtime, fuel-cell degradation, or stack replacement. They
are service-delivery sensitivities, not a reliability model or a prediction of stack-replacement
schedules. The U = 0.50 and U = 0.75 cases are illustrative partial-duty scenarios rather
than forecasts of future BRT operation. Similarly, the U = 1.10 case is a higher-service
stress case and does not establish the physical feasibility of operating the selected buses at
that level. Detailed route scheduling, vehicle-performance validation, and depot-refuelling
assessment are required before such service levels can be implemented.

Table 10. Operational-utilization sensitivity for the 2040, 25% FCEB reference case (0.09 kgH2/km).

Operational-
Utilization
Factor, U

Interpretation

Annual FCEB
Service Distance

(Million
km/Year)

Hydrogen
Demand

(kgH2/Day)

Annual
Hydrogen
Demand

(tH2/Year)

Avoided Diesel
Tailpipe CO2

Emissions
(tCO2/Year)

0.50 Partial duty-cycle
allocation 1.752 432.0 157.68 1266.90

0.75
Partial route or

duty-cycle
allocation

2.628 648.0 236.52 1900.35

0.90 Reduced annual
service intensity 3.154 777.6 283.82 2280.42

1.00
Reference

equivalent-duty
replacement

3.504 864.0 315.36 2533.80

1.10 Higher-service
stress case 3.854 950.4 346.90 2787.18

Tables 9 and 10 report physical operational outcomes only. The corresponding hy-
drogen fuel-cost effects can be calculated through Equation (21) using the hydrogen-price
assumptions examined in Sections 7.1 and 7.2.
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7.4. Operational Fuel-Cost Break-Even Hydrogen Price

The price pathway in Section 7.1 combines changes in the year, fleet size, and FCEB
penetration. To isolate the influence of hydrogen price, an operational fuel-cost break-even
calculation is applied to the 2040, 25% FCEB reference case. This case includes 20 FCEBs,
an annual hydrogen demand of 315.36 tH2/year, and equivalent-duty replacement of
diesel-bus service.

The operational break-even hydrogen price is defined as the price at which the an-
nual fuel cost of the mixed diesel-FCEB fleet equals the annual fuel cost of the all-diesel
reference fleet:

PH2,BE =
CDiesel,all − CDiesel,remaining

QH2

(26)

where PH2,BE is the operational fuel-cost break-even hydrogen price, CDiesel,all is the annual
fuel cost of the all-diesel fleet, CDiesel,remaining is the annual fuel cost of the remaining diesel
buses in the mixed-fleet scenario, and QH2 is annual hydrogen demand.

Under the reference 2040, 25% FCEB scenario, the operational break-even hydrogen
price is approximately $3.11/kgH2. This threshold is calculated under the constant diesel-
price reference of $1.034/L and is conditional on the annual service distance, hydrogen-
consumption rate, and the equivalent-duty replacement assumption. Under the diesel-price
escalation sensitivity cases examined in Section 7.2, the operational fuel-cost break-even
hydrogen price would differ. It reflects operational fuel costs only and does not establish
project-level economic feasibility, payback, or total cost of ownership. The operational
fuel-cost sensitivity to hydrogen price for the 2040, 25% FCEB reference case is summarized
in Table 11.

Table 11. Operational fuel-cost sensitivity to hydrogen price for the 2040, 25% FCEB reference case.

Hydrogen Price
($/kgH2)

Annual Hydrogen
Demand (tH2/Year)

Mixed-Fleet Fuel
Cost (M$/Year)

Net Savings Relative
to All-Diesel Fleet

(M$/Year)
Interpretation

6.00 315.36 4.838 −0.911 High-price reference case
4.00 315.36 4.207 −0.280 Moderate-price case

3.11 315.36 3.927 0.000 Operational fuel-cost
break-even

2.00 315.36 3.576 +0.351 Low-cost case
1.00 315.36 3.261 +0.667 Exploratory low-cost case

The results show that $4/kgH2 and $6/kgH2 remain above the operational fuel-
cost break-even threshold, whereas $2/kgH2 and $1/kgH2 produce operational fuel-cost
savings under the reference assumptions. The result does not include vehicle CAPEX,
refueling infrastructure, maintenance, stack replacement, financing, or residual value.

8. Conclusions and Future Work
This study evaluates the gradual integration of FCEBs into Jordan’s BRT project

through a scenario-based assessment of fuel costs and avoided diesel tailpipe emissions.
The baseline diesel fleet emits 8108 tCO2 annually at the tailpipe. Under the reference
assumption of equivalent annual mileage, duty-cycle allocation, and planned service deliv-
ery, replacing 25% of the fleet with FCEBs avoids 2533.8 tCO2 per year of diesel tailpipe
emissions. This result is proportional to the equivalent diesel service displaced and should
not be interpreted as a direct consequence of the nominal FCEB fleet share under all operat-
ing conditions. These values do not represent well-to-wheel or full lifecycle greenhouse
gas reductions. The net climate benefit of FCEB integration depends on the emissions

https://doi.org/10.3390/hydrogen7030099

https://doi.org/10.3390/hydrogen7030099


Hydrogen 2026, 7, 99 25 of 30

intensity of the hydrogen-production and delivery pathway, including electrolysis, water
treatment where applicable, compression, storage, transport, and dispensing. Within the
operational fuel-cost boundary of this study, the results are sensitive to both the assumed
hydrogen fuel price and the diesel-price trajectory. Under the illustrative hydrogen-price
pathway and constant diesel-price reference, mixed-fleet operation remains more expensive
than diesel-only operation at $4/kgH2, while the $2/kgH2 and $1/kgH2 cases generate
operational fuel-cost savings in the corresponding 2035 and 2040 scenarios. For the fixed
2040, 25% FCEB reference case, the operational fuel-cost break-even hydrogen price is
approximately $3.11/kgH2 under the constant diesel-price reference. For the same fixed
case, operational fuel-cost savings increase from 16.97% under the constant diesel-price
reference to 19.03%, 20.54%, and 21.65% under annual diesel-price escalation rates of 2%,
4%, and 6%, respectively. These cases are deterministic sensitivity cases rather than fore-
casts of future diesel prices or simulations of short-term geopolitical shocks. These results
concern operational fuel costs only and do not establish project-level economic viability
or payback. A staged deployment strategy is recommended based on the study outcomes.
Initial penetration of 10% and 15% may provide an opportunity to build operational ex-
perience and support phased infrastructure planning. However, because vehicle and
refueling-infrastructure CAPEX, maintenance, financing, stack replacement, and total cost
of ownership are excluded, the present analysis does not establish investment risk, payback,
or overall project viability. Higher FCEB penetration may become more competitive in op-
erational fuel-cost terms as the assumed hydrogen price declines and diesel prices increase.
Domestically produced green hydrogen could contribute to transport decarbonization and
energy security, provided that the hydrogen-production and delivery pathway maintains
sufficiently low greenhouse-gas emissions, reliable supply conditions, and competitive op-
erational fuel costs. The present assessment is limited to operational fuel costs and avoided
diesel tailpipe CO2 emissions. It does not quantify upstream greenhouse-gas emissions
associated with hydrogen production, water treatment where applicable, compression,
storage, transport, or dispensing. It also excludes vehicle and refueling-infrastructure life-
cycle stages, including manufacture, construction, replacement, and end-of-life treatment.
The model uses deterministic reference assumptions for fleet growth, service intensity,
route allocation, hydrogen consumption, and service delivery. Fleet size in the milestone
years follows the illustrative one-additional-bus-per-year assumption and should not be
interpreted as a GAM demand forecast. Although bounded operational sensitivities are
examined, traffic conditions, seasonal demand, passenger loading, route optimization,
fuel-cell degradation, maintenance downtime, vehicle availability, and climate-specific
performance are not dynamically simulated. Future research should examine non-regular
transition pathways, including delayed, accelerated, and adaptive deployment patterns
to reflect changes in hydrogen cost, supply reliability, infrastructure availability, market
readiness, and policy support. It should also account for technology evolution, including
changes in hydrogen consumption, fuel-cell efficiency, stack durability, refueling perfor-
mance, and vehicle availability. Detailed infrastructure planning is further required to
define hydrogen-supply arrangements, depot storage, compression, dispensing capacity,
safety systems, workforce readiness, and operational redundancy at each stage of FCEB
deployment. Future research should conduct a pathway-specific well-to-wheel assessment
and a cradle-to-grave life-cycle assessment using defined hydrogen-production, delivery,
and depot-infrastructure configurations. Additionally, future work should extend this
framework to compare FCEBs with battery electric buses, full replacement of diesel buses
instead of gradual integration, integrate dynamic hydrogen supply pathways that include
electricity-price volatility, production outages, delivery disruptions, and supply reliability,
and include random modeling of diesel prices under different geopolitical contexts.
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