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Abstract

Refuse Collection Vehicles (RCVs) directly affect public health and well-being due to their operation close to
residential areas, schools, hospitals, and other public spaces. Transitioning to zero-emission RCV typically
requires a strong business case. This paper, therefore, investigates the tank-to-wheel lifetime cost for zero-
emission RCVs (Fuel Cell and Battery powertrain) and Internal Combustion Refuse Collection Vehicles
(ICRCV) considering the whole waste collection operation, daily driving mileage, type of connection of
the hydrogen power plant to the energy source, and social benefits of low emissions for rural and urban
environments. Assessments were carried out for a present-day (2023) scenario, and a sensitivity analysis
to assess the impact of changing the input parameters on the lifetime cost of both Battery and Fuel Cell
RCVs (FRCVSs). Results indicate that when the hydrogen power plant is directly linked to the energy
source along with the incorporation of the social cost, the FCRCV demonstrates cost-competitiveness with
ICRCV. The lifetime cost of FCRCV is 8.34% lower in urban areas and nearly 20% less in rural areas
compared to ICRCV. Additionally, in rural areas, the lifetime cost of FCRCVs is 6.63% lower than that of
BRCVs, making FCRCV a cost-competitive choice when the hydrogen power plant is indirectly linked to
the energy source, making it a justifiable investment decision. Furthermore, the analysis of the different
grants shows a low impact on the FCRCV lifetime cost despite the high level of grants considered in the
case study.
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1. Introduction Mercedes-Benz for waste and recyclables collection
in West London [3]. City councils and businesses
may be eligible for government incentives and
funding for adopting sustainable RCVs. Access to
financial support can offset the initial investment
costs and further support the business case for
using sustainable RCVs. However, when decisions
are made in the purchase of new RCVs, the councils
typically only consider the lifetime costs, such as
capital costs, operational costs, and maintenance

Heavy-Duty Vehicles (HDVs) released 19
MtCO2e in 2019, representing 17% of the total
CO; emissions emitted by the transport sector
despite making up only 5% of on-road vehicles [1].
As the UK moves towards a net-zero economy,
it is important to address the emissions from
HDV sooner than later. The Refuse Collection
Vehicle (RCV) is one type of HDVs that is mostly

owned and operated by councils, making it a costs, often ignoring or inadequately modelling the
relatively high-return and low-risk intervention. social costs associated with the RCV’s emissions
For example, Lambeth council reported having [4] [1]. Integrating social costs into the RCV’s
39 RCVs, with mix of diesel and electric types lifetime cost analysis allows for a more compre-
[2], also the Ealing council’s trading company, hensive evaluation of the true sustainability and
Greener Ealing, ordered 32 Econic RCVs from societal implications of decision-making.  The
social cost of RCVs includes various parameters
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ter emissions, CO4 emissions, noise, and air quality.

RCV directly affects public health and well-
being due to its operation close to residential
areas, schools, hospitals, and other public spaces.
By focusing on zero-emission RCVs, city councils
can prioritize improving air quality, reducing
noise pollution, minimizing exhaust emissions, and
developing overall waste management practices,
leading to healthier and more sustainable commu-
nities [5]. Including these hidden social benefits
in the lifetime cost analysis is therefore critical to
compare the real benefits of zero-emission vehicles.
This paper, therefore, compares the lifetime costs
of different types of RCVs including all the stages
of waste collection and the social costs.

The well-to-wheel lifetime cost model presented
in [6] compares the carbon emissions and the en-
ergy consumption of Fuel Cell Electric Vehicles
(FCEVs) in fleets of passenger cars, trucks, and
buses to the other alternative powertrains. The
results show that the considered FCEVs are likely
to become competitive with the other alternative
vehicles if the hydrogen and FCEVs cost falls in
the future. However, the noise and the air qual-
ity costs are not considered in the study, which
can add more expenses to the Internal Combus-
tion Vehicles (ICVs) as they are noisier and have
a higher tailpipe emission compared to the FCEVs.
The cost-effectiveness of 3 FC heavy-duty trucks
investigated in [7], where the results demonstrate
that if the production volumes of these type of ve-
hicles ramped up and the hydrogen price fall to less
than 6 €/kg, the FC heavy-duty trucks will be-
come cost-competitive to the other alternative pow-
ertrain by 2027. However, the social benefits of the
heavy-duty trucks are not considered in the study,
which impacts the lifetime cost of the alternative
powertrain. The lifetime cost of long and medium-
haul FCEV trucks is lower compared to the Battery
Electric Vehicles (BEVs) highlighting the impact of
the high range on the energy demand, where it is
concluded that BEVs are suitable for short-distance
applications whilst FCEVs are the best option for
HDVs with high range [8], [9]. Nevertheless, RCVs
are not considered in the study which makes it chal-
lenging to adopt the study results for the RCVs
as their activities are different than FCEV trucks.
The cost benefits analysis is carried out in [1] for
Battery, Fuel Cell, and Internal Combustion buses,
RCVs, cars, and trucks. However, the authors con-

sider the fuel consumption of RCVs per kilometre
and therefore ignore the fuel consumption of the
RCVs when they are loading and unloading the
waste where they are in idle activities. The novel
contributions of this paper are:

1. Examine the lifetime cost of low-carbon RCVs
and ICRCV by considering;:

e Fuel consumption of RCVs during all
waste collection stages (traveling, idling
and loading the waste, travelling, idling,
and unloading the waste)

e Social cost associated with the tank-to-
wheel emissions of the ICRCV can affect
the environment and human being health.

e Daily driving mileage in urban and rural
areas

e Type of the connection of hydrogen power
plant to the energy source (direct or indi-
rect connection)

2. Sensitivity analysis of lifetime cost, with vari-
ations of different inputs of the RCV’s lifetime
cost model

3. Identify the sensitive intervention parameters
that can boost the cost competitiveness of zero-
emission RCVs

2. Lifetime Cost Modelling Approach

The lifetime cost of the RCVs modeled in this
study is based on three components which are the
Capital Expenditure cost (CAPEX), the Opera-
tional Expenditure cost (OPEX), and the social
cost. These costs are explained in more detail in
the next subsections.

The RCV chosen in this study has a gross weight
of 30 Tonnes, equipped with two hydraulic com-
paction rams to compact waste, two compartments
(60/40 split), and a mechanical lifter of 140 L ca-
pacity. The fuel consumption value of this RCV
considers the whole process of collecting the waste
(travel, load and unload the waste). Furthermore,
two different RCVs daily driving mileage examples
are considered based on urban and rural areas of
Aberdeen city

2.1. RCV CAPEX

The CAPEX calculation methodology is pre-
sented in equation (1). CAPEX equals to purchase
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cost of the RCV minus the grants and the salvage
value which is defined as the monetary value of the
RCV at the end of its life and it will be considered
in this study to decrease the net present value of
the RCV purchase cost, and therefore the CAPEX.

RCV CAPEX = RCV purchase cost

—Grants — Salvage value

2.1.1. RCV purchase cost

The purchase cost of a refuse collection vehicle
(RCV) is detailed in equation (2) [1], which con-
sists of the glider cost, powertrain cost, and over-
head cost. This equation has been adopted by the
Manchester Council to estimate the capital costs
of both electric and diesel RCVs. However, due to
competitive confidentiality, manufacturers do not
publicly disclose the glider and powertrain costs for
RCVs with a gross weight of 30 tonnes.
To address this, the analysis in this paper relies
on the upfront cost data of Internal Combustion
Refuse Collection Vehicles (ICRCVs) and Battery-
Electric Refuse Collection Vehicles (BRCVs) pro-
vided in [1] and [4] to calculate the capital expen-
diture (CAPEX). The purchase cost of Fuel Cell
Refuse Collection Vehicles (FCRCVs) is assumed
to be approximately three times higher than that
of ICRCVs, as reported in [10].
Table 1 shows the value of the purchase cost of each
RCV. It is noticeable that the FCRCV is the most
expensive vehicle as this type of technology is re-
cently introduced into the market.

RCV purchase cost = Glider+

Powertrain cost + Overhead cost @
2.1.2. Grants
The grants are defined as the incentives that the
government is offering for the introduction of zero-
emission RCVs into the market to incentivise the
city councils and to reduce the purchase cost of
these technologies. The UK government offers up to
£20,000 towards the upfront cost of a new electric
or hybrid van, including heavy-duty electric vehi-
cles [11]. Due to the limitation of the data related
to the grants offered to the FCRCV by the UK gov-
ernment as this technology is in its early trial stage,
low and high grants (10% and 50%) will be applied
in the sensitivity analysis, to assess if different grant
levels will reduce the lifetime cost of the FCRCV.

2.1.8. Salvage Value

It is expected that some components of the
ICRCV, BRCV, and FCRCV can be re-used at
the end of their life especially the battery which
can be re-used outside of transport applications
[4], the powertrain, the glider, and the Proton
Exchange Membrane Fuel Cell (PEM FC). These
components’ costs are included in the glider and
the powertrain costs which are called the manufac-
turing cost presented in equation (4) [9], [11]. As
the over-head cost equals 75% of the manufacturing
cost [10], the manufacturing cost can be estimated
and the salvage value of the components presented
in Table 1 will be applied in this study. In the case
of the FCRCV, it is assumed that the battery and
the PEM FC of this type of RCV can be reused as
it is a new technology.

Manufacturing cost = Glider cost+ 3)
Powertrain cost
The discount rate to convert the cost of the
components at the end of their life to the present
value is considered in this study. The net present
value of the money in future is calculated based on
equation (4). Following the guidance of the Green
Book the discount rate equals to 3.5% in this study
[12].
FV

NPV = o (4)

Where:

NPV = Net Present Value of Money

FV = Future Value of Money

r = Discount Rate

n = Number of periods (usually measured in years)

2.1.4. RCV OPEX

Figure 1 (a) shows the parameters used in the cal-
culation of the OPEX, which are the service, main-
tenance, and repair cost, tax & insurance, and fuel
cost. More details on each parameter are provided
in the next subsections. The discount rate is ap-
plied to the parameters of the OPEX to consider
the value of OPEX cost at present value.

2.1.5. Service, Maintenance, and repair costs
The ICRCV service, maintenance, and repair
costs (SMR) equal £5,000 per year [4]. Due to the
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Table 1: : RCV’s purchase cost and salvage values considered in this study

ICRCV FCRCV BRCV
RCV purchase cost £152,500 £457,500 £377,000
Component Glider and Battery and Battery
powertrain PEM FC
Component Cost £87,142.86 £ 120,000 £120,000
£241,428.57
Salvage value 25% Battery: 25%
percentage 30%

Fuel
consumption
by RCVs per
year per area

Fuel cost

EE——
=
Road user
levy

Tax &
insurance

Service,
Maintenance,
and repair
costs

(a)

CO; emission
cost

Air quality cost

>

Productivity, Health,
and Wellbeing
Sleep di:
and Productivity

RCV social cost

Noise cost

(b)

Figure 1: (a) OPEX parameters (b) parameters of the RCV social costs

smaller number of moving parts in the drive train
of BRCV, their SMR costs are considered to be less
than ICRCV. The yearly SMR costs of the BRCV
are £3 500 [1], [4]. The battery and the electric mo-
tor of the BRCV and FCRCV are assumed to have
the same characteristics in this paper. Therefore,
the SMR costs of the FCRCV and the BRCV are
assumed to be equal. The discount rate is applied
to the SMR costs to consider the future value of
money at the present.

2.1.6. Tax

RCV will be required to pay both vehicle ex-
cise and road user levies. The ICRCV pays both
costs, which equal £300 and £315 for vehicle excise
and road user levy per year, respectively [11]. The
BRCV and FCRCV are exempted from this type of
tax as they are considered zero-emission vehicles.

2.1.7. Insurance

The insurance price depends on the driver’s char-
acteristics, locations, years of driving, driver acci-
dent history, and other factors. It is typically es-
timated that this insurance cost is equal to 1.5%
of the purchase cost [13]. The insurance of the
FCRCV is considered to be equal to the insurance
of the ICRCV and the BRCV.

2.1.8. Fuel cost

The fuel cost of the considered RCVs depends on
the fuel consumption of the RCVs during the waste
collection operation, which equals 1.8L/km [14]
and the market rate of each fuel. To enable a com-
parison of electricity and hydrogen consumption for
BRCV and FCRCV, fuel consumption is converted
to kilowatt-hours per kilometer (kWh/km). In
this conversion, one liter (1L) of fuel is considered
equivalent to 9.96kWh of electricity [15], and one
kilogram (1kg) of hydrogen contains 33kWh of
energy [16]. It is assumed that the RCV works 5
days per week, and therefore 260 days per year.

The diesel cost is adopted from [17] and is
considered to increase by 1.79% each year [4]. The
electricity price rates including the climate change
levy is adopted from [18] in this study where the
average annual cost of electricity over 10 years
increases by 2.73% each year [4], the electricity
price corresponding to 2023 is calculated based on
the value of the electricity price in 2022.

Scotland benefits from abundant renewable energy
resources, particularly wind and tidal power,
providing a reliable and sustainable foundation for
green hydrogen production. Its geology, with vast
offshore and onshore potential for carbon capture
and storage, enables blue hydrogen production
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with minimal emissions. In addition, the country’s
ambition is to produce at least 5 gigawatts of
renewable and low-carbon hydrogen by 2030 and
25 gigawatts by 2045 [18]. This is why the cost of
hydrogen produced in Scotland has been adopted
in this paper.

The method of connecting the hydrogen power
plant to the energy source is considered a factor
affecting the hydrogen price [19]. For instance,
establishing a direct connection between the hy-
drogen power plant and a renewable energy source
leads to reduced hydrogen costs, as all expenses
associated with electricity transport, transmission,
and distribution are eliminated. However, connect-
ing the hydrogen power plant to the grid results in
a higher hydrogen price, as demonstrated in [19].
To acknowledge the regional variations of hydrogen
cost that may differ worldwide, this paper adopts
the cost of hydrogen produced in Scotland as
described below.

e Centralised pathway (scenario 1): Designated
as Pathway 2 in [19] involves a supply model
in which hydrogen is produced at a central
location which is co-located with renewable
energy then com-pressed to 500bar at an
on-site compression facility. The compressed
hydrogen is then transported by truck over
a distance of 50 km for delivery to different
smaller off-takers.

While this supply model operates at a smaller
scale (20 MW), it offers greater flexibility
for off-takers, as it is not reliant on fixed
infrastructure such as pipelines. This makes it
particularly well-suited for small to medium-
sized users located outside industrial areas or
those without the capital or space to develop
their own hydrogen production facilities,
examples include heavy vehicle refuelling
stations and distilleries.

The hydrogen cost of centralised pathway [19]
is selected in this paper to represent the most
favorable hydrogen price scenario in Scotland.
This cost reflects hydrogen production us-ing
low-cost, offshore wind energy and includes
the transportation cost for delivering hydrogen
over a distance of 50 km.

e Decentralised pathway (scenario 2): This path-
way represents supply chains that are smaller

in scale and without direct access to renewable
energy sources. Therefore, it examines the im-
plications of relying on the electricity grid in-
stead of renewable energy sources. This ap-
proach is particularly suited for hydrogen re-
fueling stations, as they are often located in
dispersed rural areas with limited land avail-
ability. Key infrastructure requirements for
this pathway include high-pressure compres-
sion (up to 700 bar) and storage systems to
meet the demands of fuel cell electric vehicles.
The analysis of decentralised pathway desig-
nated as pathway 4 in [19] reveals that hy-
drogen production using retail electricity (in-
dustry and services) significantly increases pro-
duction costs. This is mainly due to the ad-
ditional transmission charges included in the
grid, which are not applicable when directly
connected to renewable energy sources.

The hydrogen cost of decentralised pathway in
[19] is selected to represent the highest hydro-
gen production cost in a refuelling station with-
out access to renewable energy sources. In this
pathway, hydrogen is produced locally, in close
proximity to the refuelling station, eliminating
the need for transportation costs.

2.1.9. Social cost

According to the authors in [20] the exhaust and
non-exhaust vehicles contribute almost equally to
total traffic-related Particulate Matter 10 (PM10)
emissions. Brake, tyre, and road wear along with
road dust re-suspension have been identified as the
predominant contributors to non-exhaust traffic
related sources, with their relative contributions
to non-exhaust traffic related emissions ranging
between 16-55% (brake wear), 5-30% (tyre wear)
and 28-59% (road dust resuspension). Since the
PM10 levels are equivalent for both exhaust and
non-exhaust vehicles, this study has opted to
exclude emissions arising from brake, tire wear,
and road dust for all considered vehicles.

The social cost parameters considered for all the
RCVs in this paper are depicted in Figure 1 (b).
These parameters include the costs associated with
CO; emissions, air quality, and noise.

2.1.10. COy emissions cost

This study considered tank-to-wheel carbon
emissions, therefore the FCRCV and BERCV
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Table 2: : Fuel costs considered in this paper

Year Electricity cost | Diesel cost (£/L) Hydrogen cost | Hydrogen cost
(£/kWh) (£/kg) -Scenario 1 (£/kg) -Scenario 2

2023 0.271 1.509 7.7 12.4

2024 0.278 1.536 7.22 12

2025 0.286 1.563 6.74 11.6

2026 0.293 1.591 6.26 11.2

2027 0.301 1.620 5.78 10.8

2028 0.310 1.649 5.3 10.6

2029 0.318 1.678 5.1 10.4

2030 0.327 1.708 4.9 10.2

2031 0.336 1.739 4.7 10.10

2032 0.345 1.770 4.64 10.01

2033 0.354 1.802 4.59 9.92

are excluded in this calculation as the Battery
and Hydrogen vehicles do not emit carbon in
tank-to-wheel assumptions. CQO, emissions cost
is calculated for the ICRCV based on (5) in
Appendix A, where carbon emission refers to the
diesel emissions in ICRCV. In this study, it is
considered that 1 L of diesel emits 2.64 kg CO2
[21] and the cost of carbon emissions is adopted
from [22] as illustrated in Table 3.

CO5 emissionof RCV peryear =
Carbon emissionof RCV per year (5)
x Costof CO9 Tonne

Table 3: :Carbon emission cost

Year CO3 cost (£/tonne)
2023 272.52
2024 276.67
2025 280.89
2026 285.16
2027 289.51
2028 293.91
2029 298.39
2030 302.93
2031 307.55
2032 312.23

2.1.11. Air quality

The air quality is related to the emission of
NOx and PM2.5 which can affect the productivity,
health, and well-being of individuals [23]. These

parameters are calculated for the ICRCV as these
vehicles are assumed to be responsible for damag-
ing the air quality. There is a lack of data on the
NO, and the PM2.5 emissions of the ICRCV. It is
assumed that the ICRCV will approximately emit
the same quantity of NOy as a bus (0.311 g/km)
[24]. The authors in [25] have measured the HDV
PM2.5 emission of 15 Tonnes in Wuhan city, where
the value the PM2.5 emission value is adopted in
this study. The costs of NOy and PM2.5 emissions
are 12,449 £/Tonne and 111,937 £/Tonne, respec-
tively based on data in reference [22], the present
value of the emissions is considered for both emis-
sions costs by applying the discount rate.

2.1.12. Noise cost

The RCVs generate noise which affects the sleep
and productivity of individuals [26]. The noise cost
value depends on when the noise happens (during
the day or the night) and the level of noise which
is measured in decibels. The noise level of all roads
in Glasgow is estimated to be between 55-56 dB
based on the data in [21]. The noise cost that cor-
responds to the level of the noise in [27] is used to
calculate the daily noise cost for ICRCV thereafter
the discount rate is applied to the noise cost.

3. Results

The ICRCV and the BRCV lifetime is assumed
to be 10 years which matches with the Glasgow
City Council 2020-2023 Zero Emission Vehicles
Fleet Strategy Plan and with the warranty for
the battery that many battery manufacturers
provide. The predictions of the lifetime of FCRCV
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are difficult due to the lack of historical data. It
is assumed in this study that the FCRCV will
have the same lifetime as the BRCV due to the
component similarities, especially the battery,
which is assumed to not be replaced till after 10
years for both types of RCVs. A list of the study
parameters and their values is shown in Table 4.

The lifespan of the ICRCV and BRCV is set at
10 years to align with the Glasgow City Council’s
20202023 Zero Emission Vehicles Fleet Strategy
Plan, as well as the warranty for the battery
that many battery manufacturers. The lifetime
of FCRCVs is influenced by the operational hours
and duty cycles of their fuel cell systems. Ac-
cording to Ballard’s white paper on zero-emission
FCRCVs, the operational lifetime of the fuel cell
is estimated based on 25,000 operating hours [28].
This translates to approximately 12 years for an 8
hour daily duty cycle, 8 years for a 12 hour daily
duty cycle, and 6 years for a 16 hour daily duty
cycle. Additionally, the European Commission’s
Horizon 2020 project [29] aimed for a minimum
fuel cell lifetime of 25,000 hours, aligning with
Ballard’s estimates.

It is important to note that the vehicle’s body
also experiences significant wear and is often
rebuilt on a 7 to 10-year cycle. Therefore, the
overall lifespan of an FCRCV is determined by
both the durability of the fuel cell system and the
structural integrity of the vehicle body. Hence, if
the FCRCV operates 8 hours per day, its estimated
lifespan aligns with the rebuilding cycle, amounting
to approximately 10 years. A list of the study
parameters and their values is shown in Table 4.

The lifetime cost of RCVs is calculated under two
scenarios, where these scenarios depend on whether
the hydrogen power plant is directly connected to
a renewable source or to the grid. In Scenario 1,
the calculation incorporates the hydrogen price out-
lined in centralised pathway [17], and in this partic-
ular scenario, the hydrogen power plant is intercon-
nected with renewable energy. On the other hand,
Scenario 2 considers the hydrogen price specified
in decentralised pathway [17], and in this case, the
hydrogen plant is linked to the grid.

3.1. Base case study

8.1.1. Scenario 1

This paragraph presents the results of RCV’s
lifetime cost based on scenario 1, where the calcu-
lation incorporates the hydrogen prices specified
in centralised pathway. Figure 2 (a) illustrates the
lifetime cost of ICRCV, FCRCV, and BRCV in
urban and rural areas. It can be noticed that the
lifetime cost of the FCRCYV is less expensive than
the other RCV technologies due to the considered
cost of hydrogen in this case study which is an
optimistic scenario as the hydrogen power plant is
supposed to be directly connected to the renewable
energy source. The FCRCV lifetime cost is 8.34%
and almost 20% less than ICRCV in urban and ru-
ral areas, respectively and therefore the FCRCV is
competitive with ICRCV, especially in rural areas.
Hence, FCRCV offers notable cost advantages in
rural areas through enhanced operational efficiency
and reduced maintenance costs. These vehicles are
highly fuel efficient due to the high energy density
of hydrogen (1lkg of hydrogen generates 33kWh of
electricity), allowing longer driving ranges with
fewer fuel stops, which is particularly beneficial in
rural areas where fuel stations are sparse. Addi-
tionally, hydrogen refueling is significantly faster
than recharging BRCV, reducing downtime and
labor costs. Maintenance costs are lower due to
the simplicity of FCRCV, which has fewer moving
parts and produce no combustion by-products,
minimising wear and tear, component cleaning,
and exhaust-related repairs. These advantages,
coupled with the durability of FCRCV in rugged
rural environments, make them a cost-effective
solution for long-distance transportation.

Figure 2 (a) shows the lifetime cost value of
the ICRCV is lower than that of the BRCV in
the specified areas, even when the social cost of
ICRCV constitutes 26% and 28% of the ICRCV
lifetime cost in urban and rural areas, respectively.
This cost difference is attributed to the elevated
electricity prices in 2023, due to the raised geopo-
litical issues in Europe.

The results show that the lifetime operational
costs of all types of RCVs is higher than the CAPEX
due to the high cost of the fuel consumed during
the lifespan of the RCVs. Therefore, fuel cost is the
main cost parameter that impacts the OPEX value
and consequently the lifetime cost. Furthermore,
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the calculated lifetime cost of RCVs is less expen-
sive in an urban area compared to a rural area due
to the long distance travelled by the RCV in the
rural area.

3.1.2. Scenario 2

This paragraph presents the results of RCV’s
lifetime cost based on the scenario 2, where
the calculation incorporates the hydrogen prices
specified in decentralised pathway. In this case
study the hydrogen is produced based on the
electricity supplied by the grid which make the
hydrogen cost higher. Figure 2 (b) shows lifetime
cost of the all considered RCV technologies, the
ICRCV’s lifetime cost is lower than that of the
other technologies which mainly due to the low
operation cost of the ICRCV. The lifetime cost
of the FCRCV in urban area is 5.4% higher than
the one of BRCV, however the FCRCV shows an
interesting result in rural areas where the lifetime
cost of this technology is 6.63% less than the
one of BRCV. This is due to the increase of the
electricity price over the years and the decrease
of the hydrogen price in future due the expected
maturity of the production technology of the
hydrogen. The second raison is the high electricity
consumption in rural area for the BRCV. To
increase the competitiveness of FCRCVs in urban
areas, strategies should focus on leveraging their
unique advantages. One key approach is to provide
financial incentives for developing urban hydrogen
refuelling infrastructure, helping to lower both
the capital costs of stations and the overall price
of hydrogen. Additionally, fostering partnerships
between city councils, governments, and private
hydrogen producers can facilitate subsidies for
urban hydrogen supply during the early stages of
adoption, decreasing the technology’s operational
cost and making it more cost-effective for councils.

In this particular case study, hydrogen is gen-
erated using electricity sourced from the grid,
contributing to the higher cost of hydrogen. Figure
2 (b) illustrates the lifetime costs of all examined
RCV technologies, highlighting that the ICRCV
exhibits a lower lifetime cost compared to other
technologies, primarily attributed to its economical
operation.

The lifetime cost of the FCRCV in urban ar-
eas is 5.4% higher than that of the BRCV.
However, the FCRCV lifetime cost shows an

interesting result in rural, where the FCRCV
demonstrates a 6.63% lower lifetime cost than the
BRCV. This can be attributed to the anticipated
rise in electricity prices over time, the expected
decrease in H2 prices due to the maturation of
hydrogen production technology, and the high
electricity consumption of the BRCV in rural areas
contributes to this cost difference.

The sensitivity analysis on the fuel cost and
grants is applied in the next subsections to ex-
amine their impact on the lifetime cost of the
zero-emission RCVs.

3.2. Sensitivity analysis to fuel cost

The high and low prices of hydrogen are adopted
from the hydrogen cost of the centralised pathway
and the decentralised pathway [12]. Furthermore,
it is assumed that the high electricity price is 50%
higher than the average price which represents the
worst base case and low electricity price is 50% less
than the average electricity price adopted in the
base case study which aligns with the electricity
tariff of 2023 [22].

3.2.1. Scenario 1

Figure 3 (a) illustrates the generated error bars
from applying the sensitivity analysis to fuel costs
by considering the hydrogen cost from centralised
pathway. The Fuel Cell Refuse Collection Vehicle
demonstrates competitiveness against the Battery
RCYV in both high and low fuel price scenarios.
By applying high fuel cost of scenario 1, the
FCRCV’s lifetime cost increases by 17.6% and
21.23% compared to its lifetime cost in the base
case study for urban and rural areas, respectively.
However, in low fuel cost scenarios, the FCRCV’s
lifetime cost decreases by 8.22% and 10.37% com-
pared to its lifetime cost in the base case studies
for urban and rural areas, respectively. Therefore,
changes in fuel costs have impact on the FCRCV’s
lifetime cost in rural areas compared to urban areas.
This variation of lifetime cost from urban area to
rural area is attributed to the long distances trav-
eled by the RCV in rural places.

3.2.2. Scenario 2

Figure 3 (b) shows the results of the generated
error from applying the sensitivity analysis to fuel
costs and considering the hydrogen cost from de-
centralised pathway. This case study demonstrated
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Figure 3: (a) Lifetime cost of RCVs under fuel cost (Scenario 1) (b) Lifetime cost of RCVs under fuel cost (Scenario 2)

that the FCRCV is competitive in the rural areas
compared to the BRCV. However, the ICRCV rep-
resents a lifetime cost competitive against all the
other RCV technologies.

In low fuel cost scenarios, the FCRCV’s lifetime
cost decreases by 24.6% and 28.17% compared to
its lifetime cost in the base case studies for urban
and rural areas, respectively. However, in high fuel
cost scenarios, the FCRCV’s lifetime cost increases
by 6.78% and 7.7% compared to its lifetime cost in
the base case study for urban and rural areas, re-
spectively. Under low cost of electricity, the lifetime
cost of BRCV would be less expensive than that one
of FCRCV and would compete the ICRCV.

3.8. Sensitivity analysis to upfront grants

The lifetime cost of the FCRCV, relying on
hydrogen cost from centralised pathway, proves to
be less than the one based on the hydrogen cost
of decentralised pathway. However, the optimism
in centralised pathway lies in assuming direct
connection of the hydrogen plant to renewable

energies. Consequently, the decision was made to
evaluate the impact of grants on the FCRCV’s
lifetime cost using the more realistic scenario of
decentralised pathway, as hydrogen plants are
likely to be connected to the grid in most cases.

To evaluate their impact on the lifetime cost of
the FCRCV, two grant values are applied to its up-
front cost: 10% and 50%, representing low and high
grants, respectively. Figure 4 depicts the results of
applying these grants, with the negative part of the
error bars (in green) illustrating the error generated
by the 50% grant, while the positive part represents
the value reduced by applying the 10% grant to the
upfront cost. When applying the 10% grant, the
lifetime cost of the FCRCV remains 3.24% higher
than that of the BRCV in urban areas, but it de-
creases by 7.61% in rural areas compared to the
lifetime cost of the BRCV. On the other hand, the
50% grant lead to a drop in the lifetime cost of
the FCRCV by 6.08% and 11.54% in urban and
rural areas, respectively, compared to that of the
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BRCV. Consequently, these grants are beneficial for
the early market integration of FCRCV, making it
competitive with the BRCV and encouraging city
councils to adopt this innovative technology.

4. Conclusion

In this research work, a comprehensive analysis
of the lifetime cost from tank-to-wheel was carried
out for RCVs powered by diesel, hydrogen, and
electricity. The study took into consideration the
complete waste collection operation, daily driving
mile-age, and social costs in both rural and urban
areas. Additionally, the analysis considered the
method of connecting the hydrogen plant to the
energy source, considering whether the hydrogen
plant is directly connected to renewable energies
or to the electrical grid.

In the base case study scenario, where the
hydrogen cost follows centralised pathway, the
results reveal that the FCRCV demonstrates
competitiveness with the ICRCV. The lifetime cost
is 8.34% lower in urban areas and nearly 20% less
in rural areas compared to the ICRCV. However,
the ICRCV’s lifetime cost is lower than that of the
BRCV in the consid-ered areas. Shifting to the
hydrogen cost of decentralised pathway shows that
the FCRCV’s lifetime cost in urban areas is 5.4%
higher than the BRCV, but 6.63% lower in rural
areas. This is attributed to the expected maturity
of hydrogen production technology, leading to a
decrease in hydrogen prices and an increase in
electricity prices over time. Another factor is the
high electricity consumption in rural areas by the
BRCV.
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The sensitivity analysis applied to fuel costs
indicates that under scenario 1 where the Hydro-
gen cost is high. The FCRCV’s lifetime cost is
17.6% and 21.23% higher than the one in the base
case study for urban and rural areas, respectively.
Conversely, in low fuel cost scenarios, the FCRCV’s
lifetime cost decreases by 8.22% and 10.37% for
urban and rural areas, respectively. Additionally,
applying the hydrogen cost of the decentralised
pathway to the lifetime cost of RCVs results in a
24.6% and 28.17% decrease in FCRCV’s lifetime
cost for urban and rural areas in low fuel cost
scenarios. However, in high fuel scenarios, the
FCRCV’s lifetime cost increases by 6.78% and
7.7% for urban and rural areas, respectively.

The sensitivity analysis on upfront grants
demonstrates their positive impact on the early
market integration of FCRCV, making it com-
petitive with the BRCV. A 50% grant leads to a
reduction in the FCRCV’s lifetime cost by 6.08%
and 11.54% in urban and rural areas, respectively,
compared to that of the BRCV.

5. Appendix A

The lifetime cost calculation of the RCV tech-
nologies discussed in this paper is based on the pa-
rameters presented in Table 4. These parameters
are either derived from the literature, calculated us-
ing equations presented in this paper, or estimated
based on well-founded assumptions supported by
solid evidence.
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Table 4: :List of parameters and assumptions adopted in the study

Parameter Value Source
Year of study 2023 -

ICRCV lifetime 10 years [30]
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Average NOx 0.311g/km [32]
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Battery cost 120 000£ Calculated
PEM FC cost 241 428.57£ Calculated
Battery capacity 287kWh [33]

RCV work days 260 days per year Estimated
RCV fuel consumption 1.8 L/km [34]
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