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ARTICLE INFO ABSTRACT

Handling Editor: Ramazan Solmaz Electric bus transit is crucial in reducing greenhouse gas (GHG) emissions, decreasing fossil fuel reliance, and
combating climate change. However, the transition to electric-powered buses demands a comprehensive plan for
optimal resource allocation, technology choice, infrastructure deployment, and component sizing. This study
develops system configuration optimization models for battery electric buses (BEBs) and hydrogen fuel cell buses
(HFCBs), minimizing all related costs (i.e., capital and operational costs). These models optimize component
sizing of the charging/refueling stations, fleet configuration, and energy/fuel management system in three
operational schemes: BEBs opportunity charging, BEBs overnight charging, and electrolysis-powered HFCBs
overnight refueling. The results indicate that the BEB opportunity system is the most economically viable choice.
Meanwhile, HFCB requires a higher cost (134.5%) and produces more emissions (215.7%) than the BEB over-
night charging system. A sensitivity analysis indicates that a significant reduction in the HFCB unit and electricity
costs is required to compete economically with BEB systems.
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1. Introduction

Rising concerns over climate change and dwindling energy resources
are pushing industry and research toward a stronger focus on environ-
mental sustainability and energy efficiency. Decarbonizing the trans-
portation sector and overcoming fossil fuel dependence are key
challenges for achieving sustainable cities. In 2022, Canada’s trans-
portation sector contributed significantly to greenhouse gas (GHG)
emissions, emitting approximately 22% of the total national emissions
[1], and similar rates are observed globally in terms of GHG emissions
and energy demand shares [2].

In this context, transitioning to electric buses is a promising solution
to reduce GHG emissions as it enhances energy efficiency and allows for
higher fuel flexibility [3,4]. Electric buses, such as battery electric buses
(BEBs) and hydrogen fuel cell buses (HFCBs), can significantly eliminate
GHG emissions, provide quiet operation, and enhance urban area air
quality [5]. Although BEBs are rapidly gaining market share (91.1% of

the global electric bus market in 2023) [6], they face some challenges
centered around the limited driving range and extended charging times.
En-route charging is often recommended through high-power fast
chargers to overcome the need for larger battery capacities [7]. Despite
that, utilizing high-power chargers during operation negatively impacts
the battery lifetime and electricity grid and could lead to higher elec-
tricity/operational costs [8]. In comparison, HFCBs offer an extended
operational range comparable with fossil fuel buses without the need for
refueling during operation, addressing key limitations associated with
BEBs [9]. However, concerns regarding the cost of hydrogen production
and HFCB units remain, creating an obstacle to its broad use [10,11].
In this respect, a comprehensive electrification plan for BEBs and/or
HFCBs requires sophisticated optimization models to assess the capital
(CAPEX) and operational (OPEX) costs for each technology. Moreover,
choosing between these two zero-emission transit systems requires
careful consideration of factors, including economic, environmental,
and operational aspects, as well as the specific needs of the transit
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operation.

The literature lacks comparative analyses of the optimal system
configuration for BEBs and HFCBs and energy/fuel management [5],
underscoring a significant research gap. Therefore, this work provides a
comprehensive applied methodology to address the following questions:

1) What is the optimal system configuration for an electrified transit
network (charging/refueling stations and fleet) for BEB or HFCB
systems? Moreover, what charging/refueling schedules are neces-
sary to meet fleet energy/fuel demand?

2) What is the power demand from the electricity grid, and what is the
impact of charging/refueling stations on the grid? Additionally, how
significant are the well-to-tank (WTT) GHG emissions?

3) Which electrification option is most suitable for the transit network,
considering budget constraints (economic), emission reduction tar-
gets (environmental), compatibility with the electricity network, and
operational flexibility with the service timetable?

To address these questions, two generic zero-emission transit system
configuration models for infrastructure and energy/fuel management
are proposed while adhering to the operational timetable of the transit
network. Consequently, a comparative evaluation of the two systems is
conducted.

2. Literature review

The literature review is discussed in three sections, reflecting on
recent work on system configuration research for BEB and HFCB inde-
pendently, as well as the joint integration of both systems in one study.

2.1. Battery electric bus system configuration

BEB system configuration research is dominant in the transit elec-
trification literature. For the BEB system, the research has widely
covered multiple topics, including BEB fleet sizing and scheduling
[12-14], fleet configuration [15,16], infrastructure allocation [17,18],
component sizing of the charging system [7,19], charging scheduling
[20,21], mitigating impact on the electricity grid [22,23] and battery
degradation [13,24,25], system robustness and resilience [26-28], and
integration between some of them. These studies offer tangible contri-
butions to BEB system configuration. The literature also highlights the
economic and environmental benefits, supporting broader adoption and
improved effectiveness.

One stream of research focuses on optimizing charging stations and
fleet configurations to reduce the total cost of ownership (TCO). This
includes the sizing of the transformer and converter, charger unit-rated
power, the number of outlets, and fleet battery capacity. However,
various models were proposed in terms of which components are
quantified as decision variables and which are treated as predefined
variables. For example, in Refs. [29-31], the number of outlets is opti-
mized while charger power and fleet battery capacity/range are set to
predefined values. Moreover, energy storage systems (ESSs) are intro-
duced in Refs. [32-34] to help reduce the system’s TCO. However,
recent research highlights that optimizing all charging station compo-
nents and fleet configuration enables a balanced approach, ultimately
reducing the TCO [7,19].

Another stream optimizes the fleet charging schedule [35,36]. The
optimal charging schedule considers the spatiotemporal and operational
parameters of the charging events to minimize the electricity time-of-use
(ToU) cost [37], peak power demand [38], WIT GHG emissions [39],
and the impact on the electricity grid [7]. Recently, a few studies have
proposed integrated models that jointly optimize the BEB system
infrastructure and charging schedule to minimize the TCO [16,40].

However, integrating BEB system optimization with other technol-
ogies, such as HFCB, was rarely discussed in the literature.
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2.2. Hydrogen fuel cell bus system configuration

The research in hydrogen systems has mainly focused on the allo-
cation of hydrogen refueling stations (HRSs) and optimizing their
components and operations.

The optimal allocation of HRSs, considering transit and non-transit
systems, has been investigated using node-based [41,42] and
link-based allocation models [43-45]. For instance, in Ref. [42], a
node-based multi-period p-median model is developed to estimate the
number and the location of HRSs that minimize the long-term planning
investment, considering the human development index and traffic flow
for fuel demand estimation. In Ref. [43], a link-based optimization
model is proposed for planning a sustainable refueling network for
multiple types of fuels, considering total cost, environmental pollution,
and social welfare as objective functions. A multi-objective and
multi-period long-term planning model for the HRS location problem
has been developed in Ref. [46] to optimize total costs, risk, and pop-
ulation coverage. In Ref. [47], the optimal locations of HRSs are esti-
mated using multi-objective analysis, considering economic,
environmental, and safety aspects, and based on the locations of existing
natural gas stations and the hydrogen demand of the targeted HFCB fleet
size.

Another line of research focused on optimizing the component sizing
and operation of HRSs. This includes electrolyzer, compressors,
hydrogen storage, renewable energy sources, and stationary ESSs
[48-50]. For example, the work in Ref. [50] minimizes the total cost of
hydrogen (CoH) by optimizing the electrolyzer sizing, while in Ref. [51],
the CoH is reduced by enhancing the electrolyzer’s conversion
efficiency.

The work in Ref. [52] minimizes the investment cost by optimizing
the integration of RESs (photovoltaic) and diesel generators in a hybrid
refueling station for hydrogen and electric vehicles while considering
uncertainty. In Ref. [53], a wind- and solar-powered HRS design for a
hydrogen- and diesel-powered bus fleet is developed. This robust design
optimization model aims to minimize the levelized cost of driving and
the carbon intensity, considering the uncertainties of technical, cost, and
environmental parameters. Furthermore, The work in Ref. [54] mini-
mizes the levelized cost of hydrogen using techno-economic modelling
for a nationwide hydrogen fuel supply chain, including hydrogen pro-
duction, transportation, and dispensing systems, to meet HFCB demand
in specific cities in Ireland. Wind farms are selected as HRS locations,
and the electrolyzer, photovoltaic array, and stationary ESSs are
optimized.

However, there is still a lack of a transit-based hydrogen refueling
model that integrally optimizes the HRS components and operation,
refueling schedules, and fleet configuration while considering the transit
network operational schedule.

2.3. Comparative studies between battery electric and hydrogen fuel cell
systems

Indeed, several research studies have provided a lifecycle assessment
of zero-emission buses, including BEBs and HFCBs [55-58]. However,
the literature search on comparative assessment between the optimal
systems (BEB and HFCB) configurations returned a few recent studies [5,
59-61]. A summary of these relevant studies is presented in Table 1.

In [5], a data-driven micro-simulation framework is proposed to
compare BEB and HFCB transit systems. The BEB/HFCB operation is
simulated, and then the results from the simulations are imported into
the charging/refueling station location optimization models. For the
BEB system, a bi-objective model is formulated to minimize the system
costs and maximize the service level. This model provides the optimal
locations of the charging stations, the configuration of each location (i.
e., number and power of chargers), and fleet scheduling. For the HFCB
system, an allocation optimization model is developed to minimize
system costs. However, the configuration of the HRS is not considered in
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Table 1
Summary of most relevant studies.
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Study HRS configuration HFCBs configuration charging station configuration BEBs configuration Energy/fuel management
[5] Not optimized Not optimized Number of chargers Not optimized Simulated
Power of chargers
[59] Average number of dispensers Bus tank size Not optimized Not optimized Refueling schedule
Electrolyzer power
Hydrogen storage tank
Compressor specifications
[60] PV system Not optimized PV system Not optimized Refueling schedule
Wind system Wind system
Electrolyzer power ESS specifications
Compressor power
Hydrogen storage tank
[61] Number of PV panels Not optimized Number of PV panels Not optimized Refueling and charging schedules
ESS capacity ESS capacity
Hydrogen storage tank
This study Transformer power Bus tank size Transformer power Battery capacity Refueling and charging schedules

Converter power
Electrolyzer power
Compressor power
Hydrogen storage tank
Number of dispensers

Converter power
ESS capacity
Charger power
Number of outlets

this study. Moreover, in both models, the fleet configuration is not
optimized.

In [59], an algorithm for the HRS design is proposed to minimize the
levelized cost of hydrogen (LCOH), considering the electricity and in-
vestment costs associated with hydrogen demand given by different
HFCB fleet sizes and electrolyzer-rated powers. A techno-economic
model is developed as an evolutionary algorithm with step-by-step in-
structions in MATLAB. At the start of the algorithm, the bus tank ca-
pacity is defined, refueling time and the average number of dispensers
are quantified according to the fleet size, tank size is assumed to
accommodate three days of production, and the compressor parameters
are set. Then, under different electrolyzer and fleet sizes, an LCOH
matrix is generated by associating the minimum average electricity price
with the number of operating hours of the electrolyzer and the
compressor. However, the model does not consider the fleet’s opera-
tional timetable or simultaneously optimize the HRS’s components and
operations. Although a cost comparison between the HFCB fleet refu-
eling and BEB fleet recharging was performed in this study, the analysis
did not include the fleet costs, nor did it quantify the optimal BEB system
configuration.

A comparative analysis between the BEB and HFCB systems is per-
formed in Ref. [60], with charging/refueling infrastructures in a remote
off-grid context. The assessment involves the sizing of renewable energy
sources (i.e., photovoltaic and wind) and the HRS or BEB charging sta-
tion. The proposed techno-economic simulation and optimization is
conducted using a toolbox called PyPSA. For BEBs charging, the pro-
posed simulation optimizes the stationary ESSs. However, the
charger-rated power is assumed to be a constant value. Moreover, a
predefined load profile from the BEB system is assumed, limiting the
generated results. Meanwhile, for HFCB refueling stations, the electro-
lyzer, compressor, and hydrogen storage sizes are optimized. However,
the fleet configuration is not optimized for both systems, and the asso-
ciated costs are not considered in the comparison.

An energy management approach for stand-alone and grid-
connected charging/refueling station that serves BEBs and HFCBs has
been developed in Ref. [61]. This energy management approach is based
on a charging/refueling schedule designed by an imperative priority
system, considering the bus state of charge, parking time, and next trip
energy consumption. The proposed model optimizes the stationary ESS
(in the stand-alone case), hydrogen storage tank, and the number of
photovoltaic panels. However, the developed model does not consider
the optimal fleet configuration and other charging/refueling station
components (e.g., charger, electrolyzer, and compressor).

This literature review highlights a research gap for a comprehensive
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comparative analysis of BEB and HFCB transit system configurations.
Precisely, optimizing the system configuration while jointly considering
the following aspects has not been developed yet. There are no current
models that consider a) integrating transit network spatiotemporal de-
mand (operation timetable), b) optimizing all the daily operational
schedules of the charging/refueling station, c) considering all charging/
refueling station components as decision variables, and d) including the
fleet configuration (battery capacity or hydrogen tank sizing) and costs.

2.4. Detailed contribution

This research develops two generic system configuration optimiza-
tion models for BEBs and HFCBs that optimize the system’s infrastruc-
ture, planning, and operation. The proposed models aim to minimize the
total annual system costs, including CAPEX and OPEX, while main-
taining the operational timetable of the transit network. Compared to
the existing literature, this study contributes to the following:

1) A detailed BEB system optimization for charging station and fleet
configurations, including the rated power of the transformer, con-
verter, and charger unit, the number of outlets, ESS capacity, if it
exists, and battery capacities. Moreover, the model optimizes the
energy management system, including a bidirectional charging
schedule for the ESS and the charging schedule of the BEBs (when,
where, how long, and how much).

2) A detailed HFCB system optimization for on-site hydrogen produc-
tion/refueling station and fleet configurations, including the rated
power of the transformer, converter, electrolyzer, and compressor,
hydrogen storage tank size, number of dispensers, and the HFCB tank
size. Moreover, the model optimizes the energy/fuel management
system, including the power dispatch schedules to the electrolyzer
and compressor, hydrogen production and storage, and HFCB fleet
refueling.

3) Asensitivity analysis to compare the performance of the two systems.
The analysis assesses how variations in HFCB unit and electricity
costs impact the total annual system costs, identifying cost ranges
that make the HFCB system financially competitive with the BEB
system.

Following the introduction and background, the rest of the study is
structured as follows. Section 2 presents the methodology, including the
detailed formulation of the proposed optimization models for the two
zero-emission bus systems. Section 3 discusses the case study and the
results of applying the proposed models. Section 4 provides a
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competitiveness assessment between the two systems. Finally, Section 5
concludes with key findings and highlights of this research.

3. Methodology

A zero-emission transit system includes three main components: a
transit network consisting of routes, stops, a timetable, charging/refu-
eling stations, and a fleet of zero-emission buses. A hub-and-spoke
transit network, considered in this work, could be defined by a set of
routes served by a fleet of buses (b € B) that fulfill predetermined trips
(i € I, Vb € B). Overnight, buses are housed at the depot, while during
operation, they recover between scheduled trips at the terminal or
central station. Therefore, the first and last trips are deadhead trips
between the depot and the terminal (central station).

The configuration of the charging/refueling stations depends on the
type of the zero-emission fleet. This work proposes two models: one for
configuring a BEB fleet with the necessary charging station and another
for configuring an HFCB fleet with the required refueling station. The
two proposed models aim to minimize CAPEX, OPEX, impacts on the
electricity grid, and the social cost of GHG emissions while satisfying the
fleet spatiotemporal energy/fuel demand.

Notably, our study considers three charging/refueling schemes
(Fig. 1): BEB opportunity charging, BEB overnight charging, and HFCB
overnight refueling.

- For BEB opportunity charging, two charging stations are
deployed—one at the depot for overnight charging and another at
the terminal for charging events during recovery times between trips,
if needed.

- For BEB overnight charging, a single charging station at the depot is
utilized.

- For HFCB overnight refueling, one refueling station with a hydrogen
production plant at the depot is deployed.

The proposed models are based on three assumptions following zero-
emission bus transit practice. These include:

1) The operation must adhere to the transit timetable with the same
number of buses [7,17,62].

2) The transit network follows a hub-and-spoke structure with a single
terminal and depot [21,37].

3) The fleet is fully charged/fueled before leaving the depot [21,39].

3.1. Modelling battery electric bus system

3.1.1. Problem description

The proposed model integrally quantifies the optimal configuration
of the charging system, the BEB fleet, and the optimal charging schedule.
The charging system consists of two stations located at the depot (s = 1,
s €8) and the terminal (s = 2, s € S), where S = {1,2} is the set of
charging stations. The depot charging station is used for overnight
charging, while the terminal charging station is utilized during recovery
time between trips.

The optimal components of the charging station s € S include the
transformer-rated power (P;a‘ed="), the converter-rated power (Pg“‘ed=°"”"),
the energy storage system-rated capacity (EFSS), the charging station
rated power (Pg‘“ed‘“), and the number of outlets (N‘S’il). In addition, the
model provides the optimal battery size (Eg““) of each BEB (b € B). A
holistic system structure is depicted in Fig. 2.

The proposed BEB model provides the optimal management of the
power dispatch in the charging system, including the bidirectional
charging schedule of the ESS (if deployed) and the charging schedule of
the BEBs. The fleet charging schedule follows the partial and continuous
charging concepts [7]. Therefore, the charging duration and power are
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considered decision variables in the proposed model. Toward this end, a
generic BEB system configuration model is formulated as a mixed
integer linear programming model. The notations of the BEB model are
shown in Table 2.

3.1.2. Objective function

The BEB system configuration model aims to minimize the total
annual system costs (FTetaly in (1), consisting of two components: CAPEX
and OPEX, presented in (2) and (3), respectively. Where r is the discount
rate, y is the components’ lifespan, and N4 is the number of opera-
tional days.

r(1+r)

Ftotal —_
1+rY) -1

CAPEX + N'™OPEX (€))

CAPEX comprises six terms as described in (2). The first term rep-
resents the fixed construction cost of the charging stations (a*") fol-
lowed by the transformer cost (a”), which is a function of the
transformer-rated power (P;“‘ed'"). The third term presents the con-
verter cost ("), while the fourth term introduces the charging unit
costs, including the costs related to the charger-rated power (a?¢) and
the number of outlets (o*"). Lastly, the fifth term presents the ESS cost, if
it exists, and the last term describes the BEB fleet costs considering the
bus cost without battery (a*®) and the battery cost (a*®*) according to its
capacity.

d, d,
CAPEX = Zs acn 4+ ZS a P;ate L Zs acm P:ate conv
s€ sE s€
+ Z [aBCP;ated.st + apilesﬂl} + ZGESSESESS + Z (abanEIgatt + aBEB)
seS seS beB

@

In the proposed model, OPEX includes the electricity cost and the
social cost of GHG emissions. The first part of the electricity costs
comprises the fixed and variable rates of electricity related to the
charging energy. For example, in Ontario, Canada, this parameter, o,
includes several factors, such as the hourly energy price and global
adjustment rate. The second cost parameter presents the daily peak
power demand charges. The social cost of GHG emissions is described in
the last part of the OPEX as a function of the charged energy and the
ToU.

OPEX = ZZ {aflectATsznv + ademp;‘lemjl + Z ZafrnATpﬁznv

seS teT seS teT

3

The objective function of the proposed BEB model in (1) is optimized
under a set of constraints presented in (4-30).

3.1.3. BEB system’s constraints

For each BEB b € B, the battery energy is constrained by (4-8), the
charging power by (9-10), and the charging event by (11-13). The bat-
tery energy of each BEB b during operation is constrained within a
predefined range relative to the bus’s battery capacity, specifically be-
tween SUEN and g2 E2, as specified in constraints (4-5). However,
in (6), the initial departure battery energy from the depot (s = 1) for the
deadhead trip to the terminal (i = 1) equals the maximum battery en-
ergy level. For each BEB during operation, the battery energy is updated
according to (7-8). In (7), the arrival energy of BEB b € B at stations € S
after completing trip i € I, (Ef7,) equals the departure energy from

station s’ for the same trip (E,%,) minus the energy consumed during the
trip. The energy consumption is calculated as the product of the trip
distance I,; and the energy consumption rate, which includes both a
fixed part and a variable part related to the battery size. In addition, the
departure energy of bus b from station s for trip i + 1 equals the sum-
mation of the energy upon arrival and the energy acquired through
charging at the station, if available.
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Charging Stations

. BEB Fleet
(Depot & Terminal)

Transformer rated-power Fleet battery capacity

Converter rated-power

Charger unit rated-power

Number of outlets

ESS capacity

Dﬂ. .E! Energy management system

a) BEB opportunity charging transit system

Charging Stations BEB Fleet
(Depot ONLY)

Transformer rated-power Fleet battery capacity

Converter rated-power

Charger unit rated-power

Number of outlets
ESS capacity
ma .Eﬂ Energy management system
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b) BEB overnight charging transit system

L
Charging Station
HFCB Fleet
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L Transformer rated-power HFCB tank size

Deadhead trips Service trips
cTTETT A\ i e i Converter rated-power
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: E —5 | ! E:‘% : Electrolyzer rated-power
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|\ o5 ,l 5 ' — E Compressor rated-power
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I u Hydrogen storage tank size
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el @ !E L n Number of dispensers
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system
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C) HFCB overnight refueling transit system

Fig. 1. Charging/Refueling systems.
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Electricity grid

[ Transformer H Converter

Charging station

Fig. 2. BEB charging station design.

ErT > ghaiphat yh e BVicl,s€S 4
Ef? <gatptt vheBVicl,s€S 5)
EfP =gk vheB (6)
By =By, — b (ef + SE)  WbeB Vich,s,s €S %)
By, =BT+ > if°ATPd, WbeBViclh,scS ®)

t€Ry s

The charging power of bus b after trip i in location s during timeslot t
(Psh ) is constrained by (9-10). According to (9), ng‘i_ys_’[ is restricted to be

bist

lower than an upper factor multiplied by the BEB battery capacity (C-

rate). Moreover, Pt

pmexpil] if the bus is charging, as mentioned in (10). The continuity of the

is controlled to be in a predefined range [Pmin,

charging event, if the bus charges, in each recovery time (Rb,l-_s) is

ch ch

st iis. in the Constraints

imposed using the auxiliary variables ¢
(11-13) [7,21].

and p

Pt <uTES™ Vb €B,Vi€l,, V€ Ry, SES 9
Py < P <Pl Wb €BVi€ LVt € Ryys €S (10)
O > Xpise — Xpisen Vb€ BVi€ Iy, Vt € Ryy,s €S a1
P s > Xbise — Xbise-1 VD EBVi€l,, Yt € Ry, S €S 12)
o= ph <1 VYbeBVichseS 3)

tERp ;s tERp ;s

In (14), the active power balance is enforced. The input power,
comprising the grid power (PE'SM) and the discharging power from the
ESS (PE59%) should be equal to the output power, which includes the

charging powers of both the ESS (PES5<"

) and the charging station (Piffh),
and losses of the transformer ((1 — £)P%%) and the converter ((1 —
£97) pem), 1t is noteworthy that only the ESS charging (PESS<hy or dis-
charging (P59 event can take place at any timeslot t, as governed by
(24-27).
Pf’:d :P;[S,ch +Pffs‘d‘ _ Pffs,dis —-(1- é;tr)Pgid — (1= &™) P s, vt
eT
14
The active power consumed from the grid at location s during every
timeslot t (Pf?d) is related to the transformer-rated power (P;afed-"), as
stated in (15). Similarly, in (16), the input power to the converter (Pff;"v>
is also related to the converter-rated power (P;“‘Ed'“’"v). Moreover, the
relation between the consumed power from the grid (Pf'sid) and the input

power to the converter (P;3™) is controlled in (17).
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pid < praedr ys e SVte T @15)
Piz;nv SP:ated.conv Vs € S,Vt cT (16)
PO =P s e SVte T a7

In (18), the number of BEBs charging during the timeslot t at location
s should be less than or equal to the number of allocated charging outlets
(NPD). Moreover, the total charging power for all BEBs at the same
location and timeslot should equal the charging power at the station
(P%") and remain below the rated power of the charger unit (Preedst) ag
demonstrated in (19).

be.i.s.t <NP! VYseSieh,VteT (18)
beB
D P =PIt < Pt YseSiel, Ve T 19
beB

The ESS energy level is constrained by (20-22) if it exists in location
s. In (20), the ESS energy level (Effs‘l) is constrained to a predefined

range related to its capacity (EE). However, Er5>" is restricted to equal
the upper limit in the first timeslot (t = 1), with the ESS charging
overnight to this limit in preparation for the next day (21). In each
timeslot t and location s, the ESS energy level is updated according to
(22). The ESS energy level at timeslot t + 1 equals the summation of the
ESS level and the charged energy at timeslot t minus the discharged
energy, where P55 is the ESS discharging power, and P55 is the ESS
charging power.

ESERS < B < EBSSERS VseSVteT (20)

B =GB vs € s @1
'SS, dis

ESSU = EPSSU_ AT ”;;sqdk +SSPAT PESh s eSVre T (22)

Similar to the BEB charging power, the ESS charging and discharging
powers are restricted by (23-24) and (25-26), respectively. Here, the
ESS charging/discharging power should be less than an upper limit
related to the ESS capacity (ESESS) or a predefined cap (P"™E55), In (27),
the ESS is allowed to either charge or discharge in each timeslot, where
Yis is a binary variable that indicates whether the ESS is charging while
%5 is a binary variable that indicates whether the ESS is discharging.

Pffs,ch < UBSSMEBSS s e S vte T 23)
piSh < preESSy, . VseSVteT (24)
ngs.dis < YBSSEEESS s e S vte T 25)
Pifs,dis <pnxESSy o VseSvteT (26)
Yes+2s <1 VseSVteT 27)

Let J denotes the set of intervals to calculate the daily peak power
demand. In (28), the average power demand from the electricity grid in
interval j and location s (P}‘.’_;'g) is estimated, where |T,\ is the number of
timeslots in interval j € J. As such, the peak power demand is calculated
using (29).

prgnv
- VsesS,WjeJ (28)
)
PEm>P™ VseS e (29)
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Table 2
BEB model notations.
Sets Description
B Set of Buses, indexed by b
T Set of day timeslots, indexed by t
I Set of trips of bus b, indexed by i
S Set of charging stations, indexed by s
Rpis Set of recovery timeslots of bus b after trip i in station s
J Set of daily demand measurement intervals, indexed by j
T; Set of timeslots in demand measurement interval j
AT Set of potential transformer-rated power values
Acon Set of potential converter-rated power values
A% Set of potential charger-rated power values
AFESS Set of potential ESS capacity values
Abatt Set of potential battery capacity values
Parameters  Description Parameters Description
r Discount rate (%) uch, yEsSch, Upper factor of bus charging, ESS

ESSdis charging, and ESS discharging
related to the bus battery and ESS
capacities, respectively (#)

y Lifespan in years (#)  pmaxpi Maximum bus charger power (kW)
Ndays Number of working & Transformer efficiency (%)
days per year (#)
acn Construction cost ($) g Converter efficiency (%)
a Transformer cost 'Enslg, fnsai Limits (%)
($/kW) fbuu, batt
min max
acon Converter cost Ip; Length of trip i of bus b (km)
($/kW)
aBc BEB charger cost nh BEB charger efficiency (%)
($/kW)
abl Pile cost ($/unit) EsSdis ESS discharging efficiency (%)
aFss ESS cost ($/kWh) pESSch ESS charging efficiency (%)
abatt Battery cost ($/kWh) ~ pmaxEsS Maximum charging/discharging
power for ESS (kW)
BEB BEB cost (without pehmin Minimum charging power (kW)
the battery) ($/unit)
afl“l Electricity cost agm Grid WTT social cost of GHG
during timeslot t emissions during timeslot ¢
($/kWh) ($/kWh)
AT Timeslot duration ebatt Energy consumption rate due to the
(hr) battery size (#)
qdem Demand charge rate eﬁf Energy consumption rate of trip i of
($/kW) bus b (kWh/km)
Decision Description
variables
prated.r Transformer-rated power in station s (kW), Pled ¢ A
prated.cony Converter-rated power in station s (kW), Pfated.con ¢ gcony
pratedst BEB charger unit rated power in station s (kW), Pr@dst ¢ A%
EESS ESS capacity in station s (kWh), EESS € AESS
Ebatt BEB b battery capacity (kWh), Epa € Abat
N‘Eﬂ Number of outlets in station s (#), N’;il €Z-o
Pﬁ':d Power demand from the grid at timeslot t in station s (kW), Pf’;d >0
plem Peak power demand t in station s (kW), P%™ > 0
prSseh ESS charging power at timeslot ¢ in station s (kW), PE5 > o
Pffs'dB ESS discharging power at timeslot ¢ in station s (kW), Pfﬁs'd's >0
piich Total BEBs charging power at timeslot ¢ in station s (KW), P{5" > 0
Jrvds Converter input power at timeslot ¢ in station s (kW), PS™ > 0
P, Charging power for bus b after trip i in station s during timeslot t (kW),
P 20
Xp,ist A Binary decision variable indicates whether bus b is charging after trip i
in station s during timeslot t or not, x5, € {0,1}
Yis Binary decision variable indicates whether the ESS in station s is charging
or not, y;s € {0,1}
Zes Binary decision variable indicates whether the ESS in station s is
discharging or not, ;5 € {0,1}
%ﬁ.s.u s Auxiliary binary variable, ggﬁ,s,r‘r/)il},s,t €{0,1}
szg Average power demand during demand interval j in station s (kW),
PE>0
Frowl Total annual system costs ($/year), Fot@ > 0
CAPEX Total capital costs ($), CAPEX > 0
OPEX Total daily operational costs ($), OPEX > 0

(continued on next page)
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Table 2 (continued)
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Decision Description

variables

EJT Arrival battery energy level of the bus b after trip i in station s (kWh),
Ei 20

E‘;e." Departure battery energy level of the bus b before trip i in station s (kWh),

LS

Bl 20

EESS ESS energy level at timeslot ¢ in station s (kWh), EES! > 0

The types of variables are defined in (30).

P;ated.tr c Atr7P;ateEl,conv c Aconv7P;ated.st c AS[vEfss c AESS7N§il c Z>07Pgem > OVseS

B ¢ A¥ v c B
Pf_ﬂd,PtE_fS'Ch~,Pffs'dg7pi26hypf§nv7Effs'l >0VseS,VteT
Yes:Zes €{0,1} Vs €S, Vt € T

PiE>0VseSVjed

E E® >0vbeBVicl,seS

LS —
Pt >0VbeB,icl,Vt€Ryys,s€S

Xbists Opses Phise € 10,1} Vb € Bii€ IVt € Ry, 5 €S

3.2. Modelling hydrogen fuel cell electric bus system

3.2.1. Problem description

The proposed electrolysis-powered HFCB system configuration
model quantifies the optimal hydrogen production, refueling station
configuration, and the HFCB fleet that minimizes the total system costs.
For the HFCB fleet configuration, the fuel cell size of each bus
(EBS,Vbe B) is estimated. The system involves an on-site hydrogen
generation unit to produce, compress, store, and distribute hydrogen for
HFCBs. Therefore, the refueling system is only allocated in the depot (i.
e., only one hydrogen generation unit to power the fleet), as illustrated
in Fig. 3.

The refueling system includes an electricity grid connection through
a facility transformer, followed by a power conversion system (PCS) to
convert alternative current (AC) to direct current (DC). An electrolyzer
utilizes the DC power to break down water (H20) into hydrogen (Hyz)
and oxygen (O3). The produced hydrogen (Hj) is then compressed by a
DC compressor to meet the required pressure for fueling HFCBs and
stored in a hydrogen storage (HS) tank. Finally, the stored hydrogen is
delivered to HFCBs through dispensers.

The proposed model provides the optimal component sizing of the
fueling station at the depot, including the transformer-rated power
(prated) the converter rated power (P dco™) electrolyzer rated power
(pratedelz)  compressor rated power (P'¢¢<™) hydrogen storage tank
capacity (E"S), and the number of fuel dispensers (N%),

HEFCBs

[Transformer]—b[ Converter ]—b[ Electrolyzer] [ Dispensers ]
A

v
D[ H. Storage ]

44 Compressor
Refueling station P

Electricity grid

—

Fig. 3. Schematic diagram of an on-site electrolysis-powered HFCB refueling
station (green arrows represent H,). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)
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(30)

Generally, the model provides the optimal dispatch for the electro-
lyzer and compressor and the optimal schedule for fuel production,
storage, and utilization stages. Most notably, while hydrogen production
occurs throughout the day, hydrogen refueling only takes place over-
night at the depot after the fleet has completed all scheduled trips. As
such, the proposed model achieves the trade-off between electrolyzer
size, storage size, and electricity costs in the optimal system
configuration.

Toward this end, a generic HFCB system configuration model is
formulated as a mixed integer linear programming model. The notations
of the HFCB model are shown in Table 3.

3.2.2. Objective function

The proposed HFCB configuration model aims to minimize the total
annual system cost (31), integrally minimizing the CAPEX (32) and
OPEX (33).

 r(l+r)y
P'tO[Ll — v

—~ 7 _CAPEX + N“OPEX
1+r) -1

@BD

In (32), CAPEX comprises eight costs, including the costs of refueling
station construction, transformer, converter, electrolyzer, compressor,
HS tank, dispensers, and the HFCBs. Where, o, ™, a®* and a“™ are
cost factors associated with the component power, a is the HS cost
factor related to the tank size, a®™ is the dispenser cost factor, o rep-
resents the bus fuel cell storage cost factor, and aF® denotes the pur-
chase cost of the HFCB without a tank.

CAPEX — a" + arrpmted.rr + aconvated,conv + aelzPrated.elz + acompprated.comp
+ oSEHS 4 odisp pydisp + Z ( aBsEst + {IHFCB)
beB

(32)

OPEX is presented in (33) and involves five operational costs. The
electricity cost is formulated in the first two terms in (33), similar to the
BEB model. The third term denotes the social cost of GHG emissions,
while the fourth term presents the electrolyzer operational cost. Where,
L% is the electrolyzer hydrogen production rate at timeslot ¢t and P is
the electrolyzer input power at the timeslot t. The last two terms
describe the compressor and HS operational costs, respectively, where
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Table 3
HFCB model notations.
Sets Description
B Set of Buses, indexed by b
T Set of day timeslots, indexed by t
Ry Set of recovery timeslots of bus b overnight
J Set of daily demand measurement intervals, indexed by j
T; Set of timeslots in demand measurement interval j
AT Set of potential transformer-rated power values
Ao Set of potential converter-rated power values
Az Set of potential electrolyzer-rated power values
Acomp Set of potential compressor-rated power values
AHS Set of potential HS tank size values
APBS Set of potential bus hydrogen tank size values
Parameters ~ Description Parameters  Description
r Discount rate (%) W Water cost ($/kg)
Lifespan in years (#) aelzop Electrolyzer operational
cost ($/kWh)
Ndays Number of working days per qromp-op Compressor operational
year (#) cost ($/kWh)
acon Construction cost ($) aHSop HS operational cost ($/kg)
a” Transformer cost ($/kW) & Transformer efficiency
(%)
acom Converter cost ($/kW) g Converter efficiency (%)
acomp Compressor cost ($/kW) ne Efficiency of the
electrolyzer unit (%)
il HS cost ($/kg) LHVy, Lower heat value of
hydrogen (kWh/kg)
i d Dispenser cost ($/unit) neomp Compression efficiency
(%)
aBs Bus HS cost ($/kg) 5H5-d*'5 HS dissipation factor (%)
QHFCB HFCB cost ($/unit) z?n’ ﬁix Limits (%)
Eins e
aglect Electricity cost during timeslott ¢ The maximum bus
($/kWh) hydrogen refueling rate
(kg/hr)
AT Timeslot duration (hr) L Length of trips of bus b
(km)
qdem Demand charge rate ($/kW) e Hydrogen fuel
consumption rate of bus b
(kg/km)
ai™ Grid WTT social cost of GHG e Refueling efficiency (%)
emissions during timeslot t
($/kWh)
econs.BS Energy consumption rate due to ere{n The minimum bus
the hydrogen tank hydrogen refueling rate
(kg/hr)
a® Electrolyzer cost ($/kW) R Ideal gas constant (J/mol.
K)
Tl Electrolyzer temperature (K) k Polytropic coefficient
P Electrolyzer hydrogen pressure s HS pressure (bar)
(bar)
Decision Description
variables
pratedr Transformer rated power (kW), Pred ¢ AT
prasedcony Converter rated power (kW), prated.con ¢ pconv
proted.elz Electrolyzer rated power (kW), pratedelzs ¢ Aclz
prated.comp Compressor rated power (kKW), Pratedcomp ¢ pcomp
ES HS tank capacity (kg), E™ € AHS
Ndisp Number of dispensers (#), N € Z-,
EBS Bus fuel cell storage capacity (kg), EBS € APS
P;md Power demand from the grid at timeslot t (kW), Pf'id >0
pdem Peak power demand (kW), P4em > 0
L Electrolyzer hydrogen production rate at timeslot ¢ (kg/hr), L& > 0
Pfl" Electrolyzer input power at timeslot t (kW), Pflz >0
pome Compressor input power at timeslot ¢ (kW), P{*" > 0
pgon Converter input power at timeslot t (kW), P{" > 0
Lgem Fleet hydrogen demand rate at timeslot ¢ (kg/hr), L™ > 0
L,'f{ Refueling hydrogen rate for bus b during timeslot ¢ (kg/hr), L;f{ >0
Xp ¢ A Binary decision variable indicates whether bus b is refueling during

S BS
gbB.tﬂ/)b.t

timeslot ¢ or not, x, € {0,1}
Auxiliary binary variable, 655, o8 € {0,1}

(continued on next page)
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Table 3 (continued)
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Decision Description

variables

P Average power demand during demand interval j (kW), P{"* > 0
Frotal Total annual system costs ($/year)

CAPEX Total capital costs ($)

OPEX Total daily operational costs ($)

MoH; HS mass of hydrogen (kg)

ET Arrival mass of hydrogen of the bus b fuel cell storage (kg)

E‘;EP Departure mass of hydrogen of the bus b fuel cell storage (kg)

P{°™ is the compressor input power at the timeslot t.

OPEX = Z atelect ATP«;onv + adem Pdem + Z (lfm ATpgonv
teT teT
+ Z [aWATLl[?lZ + (lelz'UpATPflz] + Zacomp.opATPgump
teT teT
+ > aSPATLE

teT

(33)

The objective function of the proposed HFCB model in (31) is opti-
mized under a set of constraints presented in (34-57).

3.2.3. HFCB system’s constraints

For each HFCB b € B, the mass of hydrogen (MoH) in the bus fuel cell
storage follows (34-37). In (34), the MoH in the fuel cell storage of each
bus b € B at the time of departure from the depot (E;?) is set to the
maximum predefined level. In addition, the arrival MoH on each bus
(Ef™) should be more than a minimum threshold, as presented in (35).
For each HFCB, as described in (36), the arrival MoH equals the de-
parture MoH minus the fuel consumption during the scheduled opera-
tion, where [, is the total travelled distance, e{** is the fixed energy
consumption rate for bus b € B, and 55 denotes the variable energy
consumption rate related to the bus fuel cell storage size (EES). Here,
each HFCB is refueling overnight at the depot to reach the maximum
level for the next day’s operation. Therefore, in (37), the departure MoH
equals the summation of the arrival MoH and the refueling amount,
where Ry is the recovery timeslots of bus b overnight, 7 is the refueling
efficiency, and L;e{ denotes the refueling hydrogen rate for bus b during
timeslot t. Similar to the BEB model in (11-13), the refueling process of
the HFCBs should be accomplished in continuous time intervals using
Constraints (38-40), where X}, is a binary decision variable that presents
if the HFCB b is refueling in timeslot t or not.

Ei? =¢85 B vheB (34)
Em>ESEF VYbeB (35)
Em =E _|, (eg""s + ef"’“=BSEfS) vbe B (36)
Ef =E+> nYATL VbeB (37)
teRy
035 >xp, — Xpei1 Vb € B,VEE Ry (38)
Phs>Xp, —Xpp1 VD EB,VEER, (39)
o= o<1 vbeB (40)

teR,, teRy

As illustrated in Fig. 3, the power demand from the grid (P™) equals
to the power demand of the electrolyzer (P%) and compressor (P;"™),
and the losses of the transformer and converter. This active power bal-
ance constraint is emphasized in (41).

Pf’id :Pilz +Piomp _ (1 _ fn)Pgd _ (1 _ gcum’) Pi(;nv VteT (41)
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The relation between the power demand from the electricity grid in
each timeslott € T (Pf'id) and the transformer-rated power is presented
in (42). In the same way, (43) denotes the relation between the input
power of the converter (P") and the converter-rated power (prated.convy
Then, in (44), P should be equal to the product of Pf”"i and the
transformer efficiency (£7).

P‘Eﬁd Sprated.tr VteT (42)
Pfonv < prated.conv Vte T (43)
peov = grpgrid wr e T (44)

The electrolyzer’s hydrogen production rate at timeslot t (L) is a
function of the electrolyzer’s input power at this timeslot ¢t (P%) as
described in (45), where 7 is the electrolyzer efficiency and LHVy, is
the lower heat value of hydrogen. Moreover, Equation (46) demon-
strates that the operational power of the electrolyzer should be less than
its rated power. In (47), the compressor’s input power at a given timeslot
t (P{"™) is determined by the hydrogen production rate from the elec-
trolyzer based on the polytrophic model, which serves as the input to the
compressor [49]. Additionally, (48) specifies that the compressor’s
input power must not exceed its rated capacity.

Iz n Iz
%= PE vteT 45
¢ TIHV ¢ S (45)
PE <P e T (46)
k-1
lszeh ﬂHS ,
2RT*®
peomp — = afmp £ -1 VteT 47)
( - )’7 /ﬂflz ”{—IS
Pﬁomp Sprated,comp VteT (48)

The HS tank on the refueling station is constrained by (49-51). The
MoH in the HS tank is updated using (49). The MoH in timeslot t (MoH;)
equals the MoH in the previous timeslot t — 1 (MoH,_,) in addition to the
difference between the hydrogen supply from the electrolyzer (L& At)
and the hydrogen demand (L‘Z”"At) to refuel the HFCBs and the dissi-
pation amount (EHS‘di’P MoH; ;). During the operation, MoH, must remain
within a predefined range associated with the HS tank size, as indicated
in (50). Meanwhile, the initial value (MoH, ) is set to the maximum level,
as specified in (51).

MoH, =MoH, — 1+ (L — L¥™) At — &% PMoH,_; VteT (49)
EBEMS <MoH, < &8 F™ vteT (50)
MoH, =& F* (51)

For the refueling station, in (52), the total demand rate at timeslot ¢
(L&m) equals the summation of the refueling hydrogen rate for each busb
during timeslot t (L;7). In addition, L} is restricted to a predefined range
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using (53) according to the dispenser specification and the compressor
pressure. In (54), in the same timeslot ¢, the number of refueling HFCBs
should be less than the number of available dispensers.

LEm=>"1;7 VteT (52)
beB

LY xp, <Ly < L% x;, Vb e€B,t€R, (53)

> % <N VeeT (54

beB

The peak power demand of the HFCB refueling station is calculated
using (55-56).

ZPCOTI.V
P ey (55)
T
pem>prt vjelJ (56)

The types of variables in the proposed HFCB configuration model are
presented in (57).
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configuration models are presented in Table 4. The electricity chargers
(a*t) comprises the average energy price and global adjustment per
hour, calculated over the course of one year, in Ontario, Canada. The
social cost of GHG emissions (™) is estimated using electricity gener-
ation data from Ontario, Canada, to assess the WTT GHG emissions and
the social cost factor in Canada [63]. This hourly social cost of GHG
emissions is calculated based on the average electricity generation mix
(e.g., nuclear, natural gas steam reformers, and renewable) in each hour
over one year. Notably, the BEB system is solved in two configurations:
one with two charging stations (at the terminal and depot), referred to as
the BEB opportunity charging model, and one with a single charging
station (at the depot), referred to as the BEB overnight charging model.
The three models (i.e., BEB opportunity charging, BEB overnight
charging, and HFCB overnight charging) are implemented in Python and
solved using the GUROBI optimizer on a computer with a 4.9 GHz
processor and 32 GB of RAM.

5. Results: systems configuration

The optimal costs of the BEB and HFCB systems are reported in Fig. 5.
The total annual system cost of the BEB opportunity charging system is

Prated.tr c Atr7prated,conv c Aconv7Prated.ek c Aelz7prated‘comp c AcampVEHS c AHS’Ndisp c Z207E)b35 c ABS7Pdem 2 0

pgd [l pels peomp peonv pdem > 0 \yp ¢ T
LY >0vbeB,VteR,

Xor, 055,555 € {0,1} Vb € BVt € Ry

PP >0VjeJ

4. Case study

The bus transit network in Belleville City, Ontario, Canada, serves as
the case study for the two proposed models. This network has a hub-and-
spoke design, with a central station and a depot. The depot is around 2.5
km away from the central station. The transit network includes nine bus
routes operated by 11 buses, covering a total of 247 trips each day,
starting and ending at the central station. The case study is illustrated in
Fig. 4.

The proposed models maintain the number of buses and the current
timetable (presented in Table A.1. in Appendix A) to preserve the cur-
rent service standards. The input parameters for the BEB and HFCB

* BusStops Bus Routes

Kilometer

Fig. 4. Considered case study: the bus transit network of Belleville City,
Ontario, Canada.

152

(57)

$916,197, which includes 10.3% infrastructure, 71.6% fleet, and 18.1%
operation costs. Moreover, the total system cost of the BEB overnight
charging system is $1,221,861, with relatively higher fleet cost because
of the larger battery capacities. In contrast, the total annual cost of the
HFCB overnight refueling system is $2,865,671, including 3.8% infra-
structure, 57.0% fleet, and 39.3% operation costs. It is evident that the
BEB system is significantly cheaper (at most 43% of the HFCB system
cost).

The high cost of the HFCB system is primarily attributed to 1) the cost
of HFCB, which is 67% greater than that of the BEB fleet, and 2) oper-
ational costs, which are 477.5% higher with respect to the overnight
charging case. The operational cost of hydrogen production, compres-
sion, and storage is significant compared to the operational cost of BEB
chargers. The optimal configurations of the three systems are presented
in Table 5 and Fig. 6. Notably, the energy/hydrogen flow in Fig. 6 is for
one full day.

For the BEB opportunity charging system design, two charging sta-
tions are installed at the depot and the central terminal. The terminal
charging station is equipped with a 280-kW transformer, a 260-kW
converter, a 350-kWh stationary ESS (ESS’s power is the same as the
converter) for grid peak demand mitigation, and a high-power charger
rated at 1250 kW with six charging outlets. Moreover, the depot has a
lower-capacity charging station featuring a 40-kW transformer, a 40-kW
converter, and a 40-kW slow charger with one charging pile. Most
notably, the depot does not have an ESS deployed. For the BEB overnight
charging system, the depot charging station comprises a 400-kW high-
power charger, a 400-kW converter, and a 420-kW transformer. This
fast charger is used overnight to charge the large batteries that power
the fleet throughout the day. Similar to BEB opportunity charging, the
ESS loses its cost-saving benefits during overnight charging and is,
therefore, not deployed in the depot’s overnight charging system.

In comparison, the optimal design of the HFCB overnight refueling
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Table 4
BEB Model parameters.
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BEB Model parameters

HFCB Model parameters

Parameters Value Reference Parameters Value Reference
r 5.75% [49] r 5.75% [49]
y 15 [64] y 15 [64]
Ndays 365 Model specifications Ndays 365 Model specification
acon $75,000 [26] acon $75,000 [26]
ar 500 $/kW [7] a 500 $/kW [7]
acon 120 $/kW [65] acon 120 $/kW [65]
aBC 300 $/kW [66] acomp 7.52 $/kW [49]
bl $13,000 [66] [ 124 $/kg [49]
afss 300 $/kWh [17] odisp $152,400 [67]
abatt 500 $/kWh [68] afs 124 $/kg [49]
aBEB $550,000 [26] atFeB $1,386,934 [69]
AT 5/60 Model Specification AT 5/60 Model Specification
adem $0.126 [70] qdem $0.126 [70]
Jch yESSch ) BSS dis 3 [35] v 0.08 $/kg [49]
pmaxpil 500 kW Model Specification adlzop 0.072 $/kWh Model Specification
& 95% [21,36] qcomp-op 0.1128 $/kWh [49]
geon 95% Model Specification atiSop 2.48 $/kg [49]
S, £ISS, hau ghatt 20%, 90% 711 e 784 $/kW [49]
yEh, ESS.dis yESS.ch 95% [21,36] g 95% [21,36]
pmaxEss 2500 kW Model Specification geonv 95% Model Specification
peh.min 10 kW Model Specification L::lfn 10 Model Specification
AT {10, 20, ..., 2500} Model Specification n 60% [72]
Ao {10, 20, ..., 2500} Model Specification LHVy, 33.33 kWh/kg [72]
At {10, 20, ..., 2500} Model Specification neomp 63% [49]
AESS {50, 100, ..., 2500} Model Specification gHsvdiSP 0.0006% [49]
Abatt {50, 100, ..., 700} Model Specification R 8.31 J/mol.K [49]
Telz 323K [49]
k 1.4 [49]
115 10% [72]
1S 100% [72]
js 180 Model Specification
B 10% Model Specification
gix 100% Model Specification
7 0.995 Model Specification
AT {10, 20, ..., 2500} Model Specification
Acov {10, 20, ..., 2500} Model Specification
Az {10, 20, ..., 2500} Model Specification
Acomp {10, 20, ..., 2500} Model Specification
AHS {10, 20, ..., 2500} Model Specification
ABS {30, 35, ..., 70} Model Specification
Please note that $1 = 1.3 CAD and 1 £ = $1.27.
$35,00,000 -
$30,00,000 - $28,65,671
$25,00,000 -
§20,00,000 1 $16,32,850
$15,00,000 $12,21,861
$9,79,957 $11,24,498 6916197
$10,00,000 ~ o
647,200 $6,55,837 $1,94,704
$500000 4 ora00 5108323 $1,65,960
$0 0|
Infrastrucutre costs Fleet costs Operational costs Total annual costs

B BEB opportunity charging system ® BEB overnight charging system = HFCB overnight refueling system

Fig. 5. Cost comparison between BEB and HFCB systems.

station consists of a relatively higher-rated power transformer (650 kW),
converter (620 kW), and electrolyzer (550 kW), which are necessary for
the hydrogen production required to satisfy the HFCB fleet operation. A
40-kW compressor is used to increase the hydrogen pressure and store it
in a 90 kg HS tank.
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For fleet configuration, the BEB opportunity charging system and the
HFCB overnight refueling system tend to reduce the battery/fuel-cell-
tank sizes to mitigate the fleet costs. The BEB opportunity system uti-
lizes small batteries (i.e., 50 kWh and 100 kWh) and extends the oper-
ational range through en-route charging at the central terminal during



A. Foda et al.

Table 5

Comparison between BEB and HFCB systems components.
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Parameters BEB opportunity charging system BEB overnight charging system HFCB overnight refueling system
Costs CAPEX ($) $ 750,237 $ 1,027,157 $1,741,173
OPEX ($) $ 165,960 $ 194,704 $ 1,124,498
Total annual costs ($) $ 916,197 $ 1,221,861 $ 2,865,671
Infrastructure configuration Transformer power (kW) 1 x 280 (Terminal) 1 x 420 650
1 x 40 (depot)
Converter power (kW) 1 x 260 (Terminal) 1 x 400 620
1 x 40 (depot)
Electrolyzer power (kW) NA NA 550
Compressor power (kW) NA NA 40
Charger power (kW) 1 x 1250 (Terminal) 1 x 400 NA
1 x 40 (depot)
ESS/HS capacity 350 kWh (Terminal) 0 90 kg
Number of outlets/disposals (#) 6 (Terminal) 1 1
1 (depot)
Fleet configuration 5 x 50 kWh 1 x 200 kWh & 1 x 300 kWh 8 x 30 kg
6 x 100 kWh 1 x 450 kWh & 1 x 500 kWh 1 x 35kg
1 x 550 kWh & 1 x 600 kWh 2 x 40 kg
1 x 700 kWh & 1 x 800 kWh
1 x 900 kWh & 1 x 1100 kWh
1 x 1150 kWh
Annual GHG emissions (tCoxe) 119.04 114.93 362.89

the recovery time between scheduled trips. For HFCB buses, a 30 kg fuel
tank is used on eight HFCBs out of 11, as this mass of hydrogen is suf-
ficient to satisfy the operational range of these buses. However, the BEB
overnight charging system requires large batteries to satisfy the opera-
tional timetable.

Table 5 shows that the annual WTT GHG emissions of the HFCB
system (362.89 tCOqe) are around three times higher than those of the
BEB system with the highest emissions (119.04 tCOqe). This is attributed
to the power required for hydrogen production and the associated
emissions. In this respect, using electricity to charge batteries directly is
considered greener than electricity grid-based hydrogen, considering
the average GHG intensity in Ontario’s electricity profile (30 gCOze/
kWh in 2023).

From an operation perspective, the proposed model provides a
detailed optimal charging/refueling schedule, power demand distribu-
tion, and power/hydrogen consumption at every timeslot. For the BEB
opportunity charging system, the daily energy demand is illustrated in
Fig. 7, with a total of 4345 kWh. The energy demand for depot overnight
charging is only 574 kWh, with an hourly peak power demand of 38 kW.
However, the energy demand for the terminal is relatively higher at
3771 kWh, which is utilized for opportunity charging. The ESS at the
terminal helps reduce the peak power demand from the electricity grid
to 258.9 kW, even with 1250 kW charger-rated power. The daily ESS
energy level is presented in Appendix B, highlighting the charging and
discharging periods. It shows that the ESS mainly charges overnight at a
low electricity rate and is utilized during BEB operation to reduce peak
power demand. More details on the daily grid power demand from the
charging stations are presented in Appendix C. For the BEB overnight
charging system, the energy demand is 5450 kWh, which is 25% more
than the opportunity system. Moreover, the peak power demand of the
charging station reaches 386.6 kW. This is attributed to the rise in en-
ergy consumption rate resulting from increased battery capacity, which
also increases battery mass.

In contrast, the HFCB system has a relatively higher energy demand,
as described in Fig. 7, with 613.7 kW hourly peak power demand. The
HFCB system’s power demand is distributed between the electrolyzer
and compressor. For the electrolyzer, the power demand is almost steady
at 550 kW with a hydrogen production rate of 9.9 kg/h. The compressor
demands 33 kW to compress the hydrogen in a 90 kg HS tank. For more
details about the operational schedules, the MoH in the HS tank is
presented in Appendix D, and the station’s refueling rate is shown in
Appendix E.
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6. Systems competitiveness: HFCB or BEB

A sensitivity analysis of the HFCB system is conducted to assess how
changes in the HFCB fleet and operational cost parameters influence the
total annual system costs and to identify the cost ranges that allow the
HFCB system to compete financially with the BEB system. Notably, since
the optimal design for the BEB system is opportunity charging, aligning
with real-world practices that favor opportunity charging for BEBs and
depot charging for HFCBs, the comparison here will focus on the BEB
opportunity charging system versus the HFCB overnight charging
system.

Fleet and operational costs are selected in this sensitivity analysis as
they are the main contributors to the total annual system costs of the
HFCB system. For each parameter, 20 scenarios are analyzed, including
the baseline (i.e., 400 total scenarios for all parameters). These scenarios
are generated by applying multipliers from 0.1 to 2.0, in 0.1 increments,
with 1.0 representing the base model.

Fig. 8 shows that the HFCB system is economically competitive with
the BEB system cost under three scenarios, as follows:

1) Reducing the HFCB unit cost to 10% combined with an operational
cost reduction between 10% and 50% of the current values. In this
case, the HFCB cost is set to $138,693, and the operational cost
should be reduced by at least 50%.

Reducing the HFCB unit cost to 20% of the current cost with an
operational cost reduction to 10%, 20%, or 30% of the current value.
In this case, the HFCB cost is set to $277,387, with at least a 70%
reduction in the operational costs.

The HFCB cost is 30% of the used value, and the operational cost is
reduced to 10%. In this case, the HFCB cost only needs to be reduced
to $416,080. However, the operational costs must be decreased by at
least 90%.

2

—

3

—

Overall, these thresholds indicate that reducing the operational costs
for Hy production is fundamental to promoting the economic viability of
the HFCB transit systems along with the HFCB unit cost.

For more details, the results of all scenarios are illustrated in Ap-
pendix F. One of the main approaches to reducing the HFCB unit cost is
through incentive and rebate programs to accelerate the adoption of
zero-emission vehicles. However, these incentives should be tailored to
the specific technology. In other words, HFCB incentives should be
based on the cost difference between HFCBs and diesel buses rather than
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being equal to those for BEBs. This is a viable solution until HFCB
technology is well-established. Additionally, research efforts should be
extensively focused on advancing HFCB technology to reduce its cost
and make it comparable with other technologies. For operational costs,
subsidizing electricity costs is a viable solution, such as through carbon
offset rebates, along with research focused on increasing hydrogen
production efficiency (e.g., electrolyzers).

Compared to existing literature, our findings are aligned with rele-
vant studies comparing the two systems. From a system cost perspective,
the HFCB system cost is reported to be 48% [51, 25% [59], and 55% [60]
more expensive than BEB systems. Our findings indicate the HFCB sys-
tem is 135% more expensive than the BEB overnight charging system.
This higher percentage in our results is due to the inclusion of fleet costs
and configuration in our comparison, which are not accounted for in
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previous studies. From a cost perspective, the work in Ref. [59] rec-
ommended that reducing electricity prices and electrolyzer capital costs
could lead to a 50% reduction in HFCB system costs, thereby enhancing
its economic competitiveness. We also recommend, based on the sensi-
tivity analysis, that a significant reduction in the HFCB unit and elec-
tricity costs is required to economically compete with BEB systems.
Notably, our study assumes equal lifespans for the fuel cell and batteries,
and the salvage value of the components, such as the fuel cell and bat-
teries, is excluded from the calculations.

7. Conclusion

This study contributes to advancing the research on planning and
configuring zero-emission electric buses in public transportation. The
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configurations of two dominant technologies (BEB and HFCB) are
optimized using mixed-integer linear programming models. Each model
minimizes the total annual system costs, including CAPEX (i.e.,
charging/refueling station and fleet) and OPEX (i.e., electricity costs and
social cost of GHG emissions). Moreover, the proposed models not only
optimize the system configuration but also optimize the energy/fuel
management systems without jeopardizing the existing timetables.
These models are tested using data from real-world case study, offering
valuable insights and recommendations.

The findings indicate that each technology has a different configu-
ration, energy management systems, GHG emissions footprint, and total
system costs. Comparatively, the opportunity BEB system is the most
cost-effective and has the lowest impact on the electrical grid. The total
annual system costs of the BEB opportunity charging system are 25%
and 68% less than the BEB overnight charging system and HFCB over-
night refueling system, respectively. Moreover, the energy demand and
the peak power demand of the BEB opportunity charging system are less
than the other two systems. However, from an environmental perspec-
tive, the GHG emissions of the BEB overnight charging system are 3%
and 68% less than the BEB opportunity charging system and HFCB
overnight refueling system, respectively. Therefore, within the Belleville
city network, the BEB system offers more significant economic and
environmental advantages than the HFCB system.

Across all systems, fleet costs are the highest, followed by opera-
tional and infrastructure costs. A sensitivity analysis is conducted to test
the economic competitiveness of the HFCB system. The rationale is to
examine how variations in hydrogen bus unit cost and operational costs
impact the system costs. Moreover, the sensitivity analysis highlights
thresholds at which the HFCB system can achieve competitiveness with
the BEB system. The findings show that a substantial reduction in the
HFCB unit cost (at least 70%) coupled with a decrease in operational
costs (at least 50%) are necessary for the HFCB system to become
economically competitive with BEB systems.

Overall, the developed models offer multiple contributions to
advancing transit network electrification and comparing the system
configuration of two transit electrification technologies. These models
will assist stakeholders in making informed decisions about transit
network electrification, including the choice of the appropriate tech-
nology, necessary infrastructure, operations, and associated capital and
operational costs. From an energy perspective, the study also contributes
to the optimization of energy management and configuration for both
on-site hydrogen production and energy storage systems.

Nevertheless, we recognize that there is room for further re-
finements. First, integrating renewable energy sources (RESs), such as
photovoltaic panels, into the BEB and HFCB systems can significantly
reduce GHG emissions and the impact on the electricity grid. Second,
grid-connected on-site hydrogen production is not the sole method of
supplying the HFCB refueling station. Developing a flexible model that
accommodates other hydrogen sourcing methods (off-grid “islanded”
on-site hydrogen production and transported supply) will comprehen-
sively compare these options and the BEB system. Thirdly, accounting
for traffic congestion and its impact on energy consumption, as well as
the fleet mix, introduces complexities that are worth investigating.
Finally, the differences in degradation and lifespan of batteries and fuel
cells can impact the total cost of ownership comparison between the two
systems. These points will be explored in our future work.
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