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From Diesel to Electric: Exploring Fleet Increment
Curves for Zero-Emission Bus Transition

Yiyang Peng, Zhuowei Wang, and Anthony Chen

Abstract—Bus electrification is a key trend in the global
evolution of public transportation systems. However, replacing
diesel buses (DBs) with Battery electric buses (BEBs) is a long-
term process, where the limited driving range and prolonged
charging times might necessitate a larger BEB fleet to maintain
trip services compared to the replaced DB fleet. To quantify
this fleet expansion across variable replacement decisions, we
introduce the fleet increment curve (FIC), a novel concep-
tual idea that guides BEB procurement decisions during the
transition to the zero-emission bus (ZEB) system. First, the
FIC is derived from solving a series of mixed-integer linear
programming (MILP) (namely MILP-FIC model) by varying the
replaced DB fleet as inputs, where each MILP is developed by
means of linearization techniques, while formulating the mixed-
fleet operation under limited charging accessibility. To solve
the MILP-FIC, Lagrangian relaxation (LR) is applied to relax
charging accessibility constraints, decomposing the problem into
route-specific subproblems. Subsequently, representing FIC by-
products as piecewise linear functions enables extended models
developed for addressing long-term fleet replacement scheduling
and charging resource allocation. A general fleet replacement
scheduling is presented, which accommodates multiple BEB types
(varying battery capacities and charging power) by deriving type-
specific fleet procurement curves. We use real-world bus route
data from Hong Kong to explore the FIC, revealing how route
characteristics—such as trip frequency, trip duration, and energy
consumption—interact with charging site characteristics (e.g.,
siting and sizing) to shape the FIC. The curves typically follow
a non-decreasing trend, while an S-shaped trend occurs across
certain routes. Additionally, the results demonstrate the effective
incorporation of FIC into the planning for ZEB transition,
providing valuable insights for bus operators.

Index Terms—Zero-emission bus transition, fleet increment
curve, charging accessibility, mixed-integer linear program, La-
grangian relaxation.

I. INTRODUCTION
A. Background

HE zero-emission bus (ZEB) transition from diesel to

electric has become a global priority for achieving carbon
neutrality in public transit, driven by the urgent need to
mitigate climate change and reduce greenhouse gas emissions.
Battery electric buses (BEBs) are now the primary technol-
ogy adopted for fleet decarbonization, with many cities and
countries setting ambitious electrification targets. By 2024,
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there are over 70,000 BEBs worldwide, with China accounting
for 70% and the remainder primarily in Europe (notably the
United Kingdom (U.K.), Italy, Germany, Denmark, Finland,
the Netherlands, and Norway), the United States (U.S.), and
India [1]. However, this transition from diesel buses (DBs)
to BEBs is not a one-shot process; rather, it is a complex,
long-term undertaking that often spans years. For example,
Shenzhen (China) began electrifying its bus fleet in 2009
and achieved full electrification by 2017, operating 6,053
EBs [2]. Cities like Hong Kong face greater challenges due
to their heavy reliance on buses in public transport, preva-
lence of double-decker buses, and limited space for parking
buses and deploying charging infrastructures. These restric-
tions make fleet replacement management more challenging
to maintain trip service levels, particularly during the ZEB
transition. Moreover, the extended timeline necessitates the
operation of mixed fleets—comprising both traditional DBs
and EBs—during the transition, which introduces significant
operational and strategic challenges for bus operators.

B. Motivation

When using the same type of vehicle to replace the original
one, the fleet size usually remains the same to keep the current
trip service. However, unlike this 1:1 bus fleet replacement
(BFR), replacing DBs with EBs requires 1:X BFR, where X is
sometimes a number larger than 1, arising from the operational
limitations of EBs relative to DBs, notably shorter driving
ranges and longer charging times. In cases where the BEB
driving range meets or exceeds daily mileage requirements,
overnight charging is sufficient, and a 1:1 BFR may suffice
[3]-[5]. By contrast, when BEBs sometimes cannot meet daily
mileage demands, additional daytime charging is required. In
Hong Kong, for instance, even the latest battery and charging
technology requires BEBs to charge for approximately two
hours [6]. Compounding this, the city’s space constraints make
it difficult to install sufficient charging infrastructure at every
bus terminal. Given the longer charging duration and subop-
timal charging resource allocation (e.g., insufficient chargers
and distant detour charging), a 1:1 BFR may be inadequate
to maintain trip service levels. As a result, the dissatisfaction
with daily mileage requirements prompts operators to consider
fleet expansion during the ZEB transition. In this study, we
introduce a 2-dimensional Fleet Increment Curve (FIC) to
highlight this fleet expansion, while ensuring compliance with
operational feasibility (trip service constraints and limited
charging accessibility). Figure 1 illustrates a possible FIC
configuration. For a BFR of 1:X, X may be greater than 1
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Fig. 1. A possible FIC illustrating the relationship between BEB increment
and the BFR.

(Type 1) or equal to 1 (Type 2) with different DB replacement
decisions. Type 1 BFR reflects a positive BEB increment when
replacing more than 3 DBs, while Type 2 BFR signifies no
expansion for BEB fleet if the replaced DB fleet is no larger
than 3 for this example.

Let FIC represent a general function, for a given number
of DBs to be replaced (/N in Figure 1), the corresponding
BEB fleet increment is obtained as FIC(NV). Accordingly, the
total number of BEBs to be procured equals FIC(N) + N. As
shown in Figure 1, the point placement rule over the FIC is
as follows: with a given replaced DB fleet, find the minimum
BEB increment to maintain trip services while adhering to
existing charging allocation. Using this information from FIC,
bus operators can optimize fleet replacement scheduling to
enhance asset management efficiency. Additionally, the fleet
increment projections derived from the FIC offer valuable
insights for infrastructure planning, such as depot expansions
for bus parking and the deployment of charging facilities to
support the ZEB system.

II. LITERATURE REVIEW AND CONTRIBUTIONS
A. Related studies

The ZEB transition requires a long-term decision that relies
on the economic (e.g., investment, lifecycle costs, and op-
erational expense) and environmental objectives. Specifically
for economic objectives, Li et al. [3] a case study in Hong
Kong specifically accounted for the remaining life additional
benefit of existing DBs. Pelletier et al. [7] examined the
implications of different charger types (e.g., slow and fast
plug-in, wireless) and charging locations (depot, terminal,
bus stop). Environmental objectives are also prominent, given
the overarching goal of carbon neutrality, though the specific
metrics and impacts assessed vary by context. For instance, Ye
et al. [5] conducted comparative analyses of EB replacement
planning in London, Toronto, and Philadelphia, focusing on
air and water pollutant emissions. Operational expenses have
been widely incorporated into determining fleet replacement
strategies. Islam and Lownes [4] predefined time-variant op-
erational costs per mile for different bus types. Navarrete et
al. [8] applied the real-world operational data and involved
it in calculating the total exploitation cost. Avenali et al.
[9] simulated the time-variant EB fleet size and combined
the given energy consumption to obtain the total operational
expenses. Zhou et al., [10] optimally obtained decisions related

to bus purchase, charger deployment, and bus salvage to
satisfy the requirement of travel demand, budget, and charging
demand. During the ZEB transition, catering to the existing
bus network and charging infrastructure configuration is of
paramount importance to efficiently integrate EBs [11], while
the aforementioned studies paid less attention to satisfying op-
erational constraints (whether the introduced BEB fleet ensures
all trips are serviced with limited charging infrastructure) over
the long-term ZEB transition.

In the public transit operation, addressing the vehicle
scheduling problem (VSP) can optimally manage the fleet
composition adhering to trip service constraints. The transition
to the ZEB system involves managing a mixed fleet of DBs
and EBs, requiring optimized VSP to determine an ideal fleet
composition. Lu et al. [12] incorporated micro-level driving
conditions to estimate trip times in their mixed-fleet VSP
model development. Yildirim and Yildiz [13] considered EBs
with multiple battery sizes and charging technologies, and
built a pricing graph for each bus type to find good feasible
EB schedules through column generation. Cong et al. [14]
developed a nonlinear model to formulate a collaborative
vehicle-crew scheduling with a mixed fleet of electric and
fuel buses. However, as ensuring operational feasibility of
EBs also depends on the requirement of sufficient charging
infrastructure, these studies overlooked the impact of the
limited charging accessibility when scheduling EBs. Alvo
et al. [15] developed a two-stage model to incorporate the
limited charging accessibility, where the first stage generated
EB schedules without charging constraints, then refined them
via feasibility cuts derived from the second stage. Peng et al.
[16] developed a mixed-integer linear programming (MILP)
to address the mixed-fleet operation of BEBs and hydrogen
buses, where the limited charging accessibility was formulated
by incorporating waiting time and refueling amount variables.
de Vos et al. [17] modeled state of charge (SOC) dynam-
ics of EBs via a connection-based network, while tracking
the remaining energy during the daily operation. Overall,

TABLE I
SUMMARY OF STUDIES RELATED TO FLEET DETERMINATION FOR THE
ZEB DEVELOPMENT

Operational constraints ! Long-term BFR

References
Trip service  Limited charging decisions 2
(3151, [71-[10] X X v
[12]-[14] Vv X X
[15]-17] Vi v X
This study Vv Vv v

I A fixed scheduling/fleet composition meeting trip service and charg-
ing constraints (without time-indexed variables).

2 A strategic fleet replacement/acquisition decision made for a planning
horizon (with time-indexed variables).

the aforementioned studies aimed to find an optimal fleet
composition for cost efficiency (minimization of operational
costs), while no focus on the fleet composition adaptive to a
certain level of bus system electrification. Table I organizes
the related works to fleet determination, according to their
focus on either operational constraints or long-term decisions



for the ZEB development. Our study aims to ensure that
the fleet replacement/acquisition decision over the planning
horizon is operationally valid. Given a BFR decision over the
ZEB transition, bus operators can periodically adjust the fleet
scheduling and determine an optimal required BEB fleet.

To incorporate operational constraints into long-term deci-
sions made in the electrified transport system, Shehabeldeen
et al. [18] developed a multi-stage optimization model to
optimize battery replacement schedules (considering battery
degradation) in a ZEB transit system. This model enabled
periodic adjustment of charging schedules alongside multi-
stage charging infrastructure planning. The authors employed
a surrogate model-based space mapping algorithm to address
the nonlinearity of battery degradation rates. Cui et al. [19]
provided a fleet replacement scheduling model during the zero-
emission transition of electric ships, while highlighting that
their work is different from existing studies that determined the
fleet size without incorporating actual operational conditions
into the planning horizon. In their developed mixed-integer
nonlinear programming, more time-indexed variables (e.g.,
operation-related) are included to facilitate the joint optimiza-
tion. However, this comprehensive model will significantly
increase the scale of variables and constraints, making it
intractable to obtain exact solutions. We avoid a complex
integrated formulation by separating the problem into two
linear models: one without time-indexed variables and one
with time-indexed variables. The connection between them is
established through the FIC. This methodology allows us to
obtain exact, operationally feasible long-term BFR decisions.

B. Contributions and outline

To address the research gap revealed in Table I, this study
is motivated by exploring the FIC of BEB fleet expansion
when replacing the DB fleet. Deriving FIC explicitly incorpo-
rates critical operational constraints (trip service and limited
charging), while it provides a foundation for optimizing long-
term decisions like fleet replacement scheduling and charging
resource allocation. The main contributions of this paper are
summarized below:

e A MILP, namely the MILP-FIC model, is developed
to obtain the minimum BEB fleet adaptive to a given
replaced DB fleet, where the output BEB fleet should
maintain trip services with the existing charging resource
allocation.

o A Lagrangian Relaxation (LR) algorithm is employed to
solve the MILP-FIC model, which can efficiently handle
the charging constraints, resulting in several route-specific
subproblems to be solved.

o FIC by-products, represented as piecewise linear func-
tions, enable smooth incorporation into two practical
planning models: fleet replacement scheduling (long-term
decisions) and charging resource allocation3, where exact
solutions can be obtained instead of solving an intractable
integrated model.

The remainder of this paper is organized as follows. Section

IIT preliminarily describes the MILP-FIC model and issues
to be addressed. Section IV develops the MILP-FIC model

to obtain FIC. Section V introduces the LR algorithm for
solving the MILP-FIC model. Section VI provides two FIC-
incorporated planning models over the ZEB transition. Section
VII presents an extension to address the BFR decision of
multiple BEB types over the ZEB transition. Section VIII
shows numerical results of FIC and FIC-incorporated planning
models, and Section IX concludes the paper.

III. PRELIMINARY OF THE MILP-FIC MODEL

As bus systems shift toward ZEB, determining the optimal
number of BEBs to facilitate certain DB replacement decisions
becomes crucial for operators. Since a 1:1 BFR may not be
feasible due to the limited driving range and longer charging
times of BEBs, the difference between the BEB purchasing
fleet and the replaced DB fleet reflects the BEB increment. This
study introduces the FIC to quantify the relationship between
the replaced DB fleet and BEB increment. Herein, we analyze
FICs for individual routes and output route-specific guidance.
Let R collect all the bus routes, where N" represents the DB
fleet replaced on route » € R. The FIC then acts as a mapping
(FIC: N" — P" — N"), where P" denotes the optimal BEB
fleet to replace N” DBs on route r. Notably, when the total DB
fleet to be replaced is M", a complete FIC involves different
N7 ranging from 0 to M7 in 1-unit increments.

To fix the Y-axis value of FIC, deriving P" for ensuring
operational feasibility introduces the challenge of addressing
trip service and charging constraints, with a detailed descrip-
tion provided in the following subsections.

The main assumptions are listed as follows:

Al The backup bus fleet is ignored for simplicity. Therefore,
the entire bus fleet must actively serve trips.

A2 The study explores route-specific FIC and does not ac-
count for deadheading between routes.

A3 DBs are assumed to operate without energy replenish-
ment or range restrictions.

A. Mixed-fleet vehicle scheduling

During the ZEB transition until DBs are 100% replaced,
public transit operators must manage a mixed fleet of DBs and
BEBs. To ensure the trip service constraint, vehicle scheduling
is a key component to allocate the mixed fleet to serve
compatible trip pairs.

For route r € R, subset 7" collect trips of route 7.
Accordingly, the compatibility between trips can be graphi-
cally represented as route-specific networks shown in Figure
2 (ri,r2 € R), where the source node (o0)/sink node (d)
is used to track the fleet utilization of each route. 2" =
{(0,9), (4, d)|Vi € T"} U {(4,7)]s:s + T" < s;|Vi,j € TT} is
used to collect all compatible trip pairs of route r, where
s; is the start time of trip ¢ and 7" represents the round-
trip duration of route r. Consequently, directed arcs can be
generated between two trip service nodes in Figure 2, if the
corresponding trip pair belongs to ".

For a mixed-fleet operation, DB and BEB act as two
commodities along the black arcs of networks, using binary
variables z?}d and x;° to represent whether a trip pair
(i,j) € Q" is served by a DB or BEB, respectively. By



contrast, only BEB is involved for the arcs crossing charging
events, shown as bold purple arrows in Figure 2.

(O source/sink node
Potential charging
events

Trip service node

Fig. 2. Network flow representation for mixed-fleet operation addressing
charging accessibility. The colored hatched square (green and blue for Route
r1 and Route 72, respectively) indicates that these two charging events are
conducted. Route r1 and Route ro share the same charging site, where an
additional charger is needed if two activated charging events overlap over the
time horizon.

B. Limited charging accessibility

Due to the limited driving range of BEBs, opportunity
charging during the daily operation is necessary to prevent
BEBs from being disrupted, making them available for serving
more trips and reducing the BEB fleet size. Section III-A
obtains 2" that provides the potential charging opportunity
for BEBs. In high-density urban areas, installing charging
stations at every route terminal is impractical. Instead, a
centralized charging site is preferred, though this requires
BEBs to detour from terminals to the site. Here, all the
routes in R share this centralized charging service, where
BEBs should take additional energy and time for the detouring
process. Let " represent the additional time for this detour
of route r € R. Consequently, for any compatible trip pair
(i,4) € Q7 the potential charging duration is calculated as:
W, =sj—si—T" —2¢". Since only BEBs need to consider
charging events, binary variable z;; is defined specifically
for BEBs, indicating whether this potential charging event
can be conducted, where charging decisions (z;;) are tightly
dependent on the BEB-trip allocation (z;;%). Note that z]; = 0
if i = o or j = d, and two scenarios make it impossible to
conduct potential charging events: z;; = 0 if W, < 0 or
2 =0,

The limited charging accessibility indicates that the number
of charging events that are simultaneously served cannot
exceed the number of chargers (denoted as C'). Once potential
charging events are conducted, see the two colored hatched
squares (green and blue for Route r; and Route 75) in Figure
2, these two activated charging events share a centralized
charging site. Over a time horizon, two chargers are needed
if their corresponding charging periods overlap. To enforce
the constraint of limited charging accessibility, we discretize
the operational timeline into a set of fine time slots A. For
each slot A € A, the number of activated charging events that
occupy this slot should not be larger than C'.

IV. MILP-FIC MODEL

This section develops the MILP-FIC model to obtain the
sampling points over the FIC. Given the exogenous N” (X-axis
value) ranging from 1 to M", the MILP-FIC formulation aims
to find the optimal P" for maintaining trip services utilizing
the given charging resources, where the Y-axis value equals
P" — N7. Table II lists the notations used in the MILP-FIC
model.

TABLE II
LIST OF NOTATIONS USED IN THE MILP-FIC MODEL
Set
R Route set sharing a centralized charging site.
Qr Compatible trip pair set of route r € R.
T" Trip set of route r € R.
A Set of time slots.
Parameters
C Number of available chargers.
S5 Start time of trip ¢ € 7.
E" Round-trip energy use of route r € R.
T Round-trip time use of route r» € R.
W Potential charging duration within trip pair (4, j) € Q.
or Energy use between the terminal of route » € R.
and the charging site.
i Time use between the terminal of route » € R
and the charging site.
o Energy use between the terminal of route r € R
and the depot.
D BEB battery capacity.
ST If time slot X is occupied by the charging event within
j trip pair (4, j) € Q7, 6:? = 1. Otherwise, 6;’.’\ =0.
NT Number of DBs to be replaced on route r
M Number of DBs before the ZEB transition for route 7,
where N” = 0.
Intermediate
variables
Q7 BEB remaining energy after completing trip ¢ € 7.
—r BEB remaining energy after completing the previous trip
Q of tripi € T".
Decision
variables
Y If trip pair (é,5) € Q" is served by the same bus
J of type v, z;’” = 1. Otherwise, IZJU =0.
o If a BEB charges during Wi’},
R4 zfj = 1. Otherwise, zfj =0.

During the ZEB transition, minimizing the acquisition BEB
fleet is paramount. Therefore, the objective of the MILP-FIC
model is formulated as:

min - Z=Y" > al, (1)
wij %5 €101} réRi:(0,3)eQr

where DBs and BEBs are indexed by e and d, respectively.

The constraints of the MILP-FIC model are classified as

flow-related constraints, energy-management constraints, DB-

replacement constraint, and charging-accessibility constraint.

Flow-related constraints:

Yooalt= Y Y wwefed} WeRVIeT,

J:(i,5)€eQr J:(4,1)€Q
(2
) al'=1 VreRVieT, (3)
v ji(ig)eQr
T >z Vre RVY(i,j) €, 4)

Wiiz; >0 Vre RY(i,j) € Q. ®)



Constraint (2) indicates the flow conservation for bus type v
that serves trip 4 of route r. Constraint (3) stipulates that all
the trips should be served, and each trip should be served by
a single bus. Constraint (4) is a logical constraint, where the
BEB charging can be activated (i.e., z{; = 1) only if this BEB
serves trip pair (4, j). Constraint (5) 1mphes that BEB charging
is impossible if the potential charging duration is less than 0.
Energy-management constraints:

Q,=D-¢" VreR, (6)
Q= > ai°Q) VreRVieT, ™
J:(4,0)eqr
Q=0- > Qi+ Y
j:(j,i)GQ"' j:(j,i)GQ"
(¢ @-)rm)-e)- 5
J:(4,1)eQr
VreRVieT, (®)
> al(Qi —e"—02D)>0 VreRVieT,
J:(i,5)eqr
©)

> @t (@ —(D-E"—¢€") <0 VreRVieT,.
J:(i,5)eQr

(10)

In detail, Constraint (6) provides the remaining energy when
a BEB is initially pulled out from the depot (fully charged)
and arrives at the terminal of route r. Constraints (7) and (8)
calculate the remaining energy after finishing the previous
trip of trip ¢ € 7" and after completing trip ¢ € T,
respectively. When tracking the remaining energy of BEBs,
Q7 should be bounded for trip ¢ € 7T, served by BEBs if
Zj:(i’j)em . = 1. More specifically, Constraints (9) and
(10) provide the lower bound and upper bound of remaining
energy, respectively. Note that Constraints (7)-(10) consist of
nonlinear terms (e.g., x;}eQ{). Howeyver, this format with the
multiplication of binary variables and continuous variables
can be efficiently linearized using the big-M method. The
function ®“ follows a nonlinear charging profile, which can
be approximated as a piecewise linear function [20]. To
approximate the The detailed linearization techniques can be
found in [21].

Remark 1: Constraint (9) ensures that a BEB after serving
trips has sufficient remaining energy to arrive at the charg-
ing site, while avoiding falling below the lowest allowance
SOC that is usually set as 20%. Constraint (10) states that
Q7 <D —E"—¢" if trip 7 is served by EB. Suppose that a
BEB gets charged before serving trip ¢, the remaining energy
(@) after charging should satisfy ¢ < D due to the battery
capacity. As aresult, )] =g—e"—E" < D—e"—E" to ensure
that BEBs cannot experience a long charging duration to
replenish them beyond the battery capacity. In other words, this
constraint enforces that the duration of the selected charging
event is 100% used. Indeed, Constraints (9) and (10) can be
reformulated as:

Qi/(D—E"—¢€") <2 < Qj/(e" +0.2D)

As the conducted charging events are endogenously deter-
mined, it is possible that ®~* (@: — e? + W}, exceeds the
upper limit of function ® over charging duration. For instance,
suppose the maximum charging duration is 2 hours (from zero
remaining energy to full energy), where the detailed nonlinear
charging profile is provided in Section VIII. To avoid further
adding of breaking points, the slope of the final interval is
carried on with a larger upper limit. Then, the implementation
of Constraint (10) can ensure that the charging events whose
q)—l (@: — e

DB-replacement constraint:

) + W}, exceeds 2 hours will not be selected.

Z xz;d:Mr—Nr Vr € R.
i:(0,8)EQT

(1)

Constraint (11) states that N™ DBs are replaced, and the re-

maining DB fleet in operation should be M" — N", where M"

is the fleet size before ZEB transition. Here, M" is obtained

by only optimizing x;’-d while considering Constraints (2) and

(3), whose objective is to minimize the total DB fleet size.
Charging-accessibility constraint:

2.2 -

T (4,5)€EQT

TSN <O VWA EA,

’Lj %] (12)
Remark 1 implies that the duration of all selected charging
events is 100% utilized. 5 is an occupancy indicator of time
slot A. 6T A = 1if the perlod of time slot A is within s; +7" +
1"~ 55— tr When C' chargers are deployed at the centralized
charging site, the number of served charging events sharing
any sufficiently small time slot cannot exceed C.

Solving the MILP FIC model (H-(12), Pm = Z™*
Do (0,0)€Qr z,'°, where Z,'° denotes the optimal solution. The
FIC can be obtained with dlfferent replacement decisions (N")
and their corresponding values of P" — N". Additionally,

= ), P" by aggregating the P" of all routes.

V. SOLVING APPROACH

This section presents the Lagrangian relaxation (LR) ap-
proach for efficiently solving the MILP-FIC model. Let
be the Lagrangian multiplier to penalize the violation of
Constraint (12). The objective after LR is:

min ZJrZu)\ Z Z

” Zij AEA T (i,7)EQT

26— C

Z] )

(13)

As Yy ca uaC is a constant, the objective can be simplified
as:

A
Z'LJ 67/J

min L(p Z-I-Z,U,\ Z Z

iJ AEA T (i,5)€Q"

(14)

Consequently, the model after LR can be solved with the
following subproblems upon the decomposition of routes.

min L"(w)

2TV LT
L] 721,]

s.t.(2) —

15)

(11).



The route-based subproblem is solved with given p, which
is updated over iterations. The update strategy for p at iteration

k+1is:
Z Z r(k)(ST A —C Ve A, (16)
r o (i,7)EQT
P = max (0,487 +a®g(”) vaeA am

The Pseudo-code of the LR is glven in Algorithm 1, and

a®) = (UB—-LBW) /¥, g(k) Here, X is denoted to
collect the feasible optimal solution of xfje x" and z" are
solution collection after solving the subproblem of specific
route r € R.

When existing time slots do not satisfy the charging ac-
cessibility constraint (12), a REPAIRINFEASIBLE function can
be used to ﬁnd feasible solutions. In detail, we find trip pair
(4,7) whose zJ; equals 1 from z™ and calculate their related
value of >, p A(Sl 7, while sorting this value in a decreasing
order. After that, we use a greedy strategy to sequentially
enforce z;; = 0 according to the decreasing order. By adding
this constraint, the feasible solution is found by solving the
subproblems until Constraint (12) for any time slot in A can
be satisfied. Note that REPAIRINFEASIBLE is used to speed
up the update of U B, while it can be removed as the violation
of Constraint (12) can lead to the update of ).

Algorithm 1 Pseudo-code of the LR
1: k< 0,LB ¢+ —00,UB < 400, < 0 VA

2: while k£ < max_iter and gap > € do

3 L+0

4 for r € R do

5: L7*, X" 2" + SOLVESUBPROBLEM (1))
6: L—L+LT

7 end for

8 LBW « L3, mC

9: LB+ max (LB,LB™)

10: if 3\ violates Constraint (12) then

11: X + REPAIRINFEASIBLE(X"*,z"")
12: else

13: X X" Vr

14: end if

15: Z < CALCULATEOBIJETIVE(X)

16: UB < min(UB, Z)

uf\kﬂ) < UPDATEMULTIPLIER(z"*)
18: k+—Fk+1

19: gap +— (UB — LB)/UB

20: end while

VI. FIC-INCORPORATED PLANNING MODELS

This section defines two mappings: f” and F, by imple-
menting the same MILP-FIC model developed in Section IV,
but with distinct outputs: Z™* and Z*, respectively. Here,
f” and F are by-products of FIC, and we elaborate on two
FIC-incorporated models (fleet replacement scheduling and
charging resource allocation) used in the planning over the
ZEB transition.

A. Fleet replacement scheduling (Long-term)

As the X-axis value and corresponding Y-axis value of
route-based FIC is N and Z"™" — N, respectively, define
fr : N” — FIC(N") 4+ N", called fleet procurement curve
(see application details in Section VIII-C1). Consider the
time dimension in the replacement schedule. Let {0, 1,...,H}
denote a sequence of time points using a year-unit, which is
indexed by a. H is the maximum target period to replace all
current DBs, and the fleet replacement starts during year 1.
Given the route-based FIC, the following model is formulated
specifically for route € R, which is provided to determine
the replacement schedule over the years.

min Y Kjp, — Apb, (18)

“ ae{1,2,...H}
S.t.

IIo=IT+A",, VYae{0,1,....,H—1}, (19)

KI o =f(I5,,)—f(I1) Yae{0,1,....,H 1},

(20)

B"<A"<B Vae{l,2,...,H}, 1)

oA =M (22)
ae{1,2,.. H}

I5 =0 (23)

The financial burden should be minimized for BEB adoption
[4], [8]. The objective of this model involves the total BEB
purchasing cost and DB recycling reward. Considering the
market volatility over the ZEB transition, p, and b, are given
predictive values, denoting the unit BEB purchase price and
DB salvage value during the ath year. K and A} represent
the purchasing BEB fleet and replaced DB fleet during the
ath year, respectively. Constraint (19) states the update of the
cumulative number of replaced DB fleet (i.e., I ;) during the
a+ 1th year for route r. Suppose that the cumulative replaced
DB fleet is I until the ath year, if additional A7, ; DBs will
be replaced during the a + 1th year, K, can be calculated
by Constraint (20). Over the ZEB transition, bus operators
should manage their assets for replacing DBs of route r. To
balance their budget per year, Constraint (21) enforces a bound
to restrict A},. Constraint (22) ensures all M" DBs are replaced
within the replacement period. Constraint (23) gives the initial
condition.

B. Charging resource allocation

Charging resource allocation refers to the determination of
siting and sizing for charging stations [22]. Since all the bus
routes in R share a centralized charging site, we use mapping
F to output the total purchasing BEB fleet. Unlike the fleet
replacement schedule, the time dimension is not incorporated
in this planning. Given the current state of the replaced DB
fleet: N = {N"|Vr € R}. This subsection focuses on selecting
an optimal charging resource allocation among all candidate
options, based on their sitting and sizing.

Let U collect the candidate charging resource options,
and w, is defined as a binary variable to represent whether
u € U is selected. According to the sitting and sizing of



candidate locations, the attribute of option u is identified as
A, = (el,th,Cy), where the first two elements represent the
deadheading information (energy use and time use) between
the terminal of route r and location of option u, and C), is
the number of chargers deployed for option uw. The model is

developed as follows:

HJ}IH Z wy(cy + Z5p) (24)
ueU
S.t.
> wa =1, (25)
ueU
=Q,WN) Yuel. (26)

The objective involves the cost of building charging sites and
purchasing BEBs, whose building cost for site « corresponds
to c¢,, and the unit BEB purchasing cost is fixed as p,
respectively. Constraint (25) states that exactly one optimal
charging resource option is selected from U/, for supporting a
specified replacement ratio (A) during the ZEB transition. For
option u, Q, in (26) indicates an optimization over feasible
region S, as follows, where S, is obtained by substituting
parameters (e”,t",C') in the constraints of the MILP-FIC as

(ehs ts Cu)-
Q.(N) = Mmln Z Z 27
55 215 €Su r€Ri:(0,i)EQ"
Consequently, F“ : A, — Q. (N), and Constraint (26) is

replaced as: Z} = F“(A,). To facilitate the FIC-incorporated
implementation, we first derive FICs across all candidate sites
(one attribute is considered to be variant). By fixing A/, the
total BEB increment can then be obtained by aggregating
the FICs of R. After that, mapping F can be graphically
represented as a curve reflecting the relationship between total
BEB increment and a charging option attribute (see application
details in Section VIII-C2).

Remark 2: Indeed, both f” and F* can be expressed
as piecewise linear functions (see more details in Section
VIII). Specifically for ", which is characterized by a series
of breaking points: { (b, f"(b,))|n € {0,1,..., A}}, allowing
f7(I7) in Constraint (20) can be computed by implementing
the following linear constraints.

= f"(b (28)
Ig = Z’anna (29)
> =1, (30)

n

Tn S Yn + Yn—1, (31)
Yo =ya =0, (32)
D=1, (33)
Yn > 0,yn € {0,1}. (34)

vn and y, are auxiliary variables related to breaking points
b, and the associated intervals b,, ~ b,+1. yo and y4 have

no physical implications and let them be zeros (see Constraint
(32)). Constraints (29) and (30) are convex combination con-
straints of breaking points b,. Constraint (31) enforces r,
and r,4; to be non-zeros if y,, = 1. Constraint (33) ensures
only one interval is activated. After that, two extended models
can be efficiently linearized while obtaining exact planning
decisions.

VII. EXTENSION OF MULTIPLE BEB TYPES IN FLEET
REPLACEMENT SCHEDULING

With advancements in battery technology, bus managers
can have more options for a variety of BEB types featuring
different battery capacities and charging powers. Our original
methodology addressing a single BEB type can be further
generalized to accommodate these evolving needs, and this
section illustrates the extension process. Let {d, e} (indexed
by v) and e = {1,2,..., L} (indexed by [) denote the vehicle
type set and BEB type set, respectively.

First, Variables Q. @:, and zf] are replaced by Qz’l,

@: , and zU , respectively, specifically for BEB type [ € e.
Likewise, the battery capacity D and charging profile ®(-)
are also type-specific, which are replaced by D! and ®!(.),
respectively. As different BEB types have different charging
powers, causing different charging durations from 0-100%
SOC, which is used to approximate ®!(-) based on [20].

Second, Constraints (4) — (8) should be implemented in a
type-specific manner. For example, Constraint (4) is modified
as:

:]’.l > :j,l
Additionally, Constraints (9), (10), and (12) are modified by
taking an aggregation of BEB type [ € e. For example,
Constraint (9) is rewritten as:

PIRDINE

lee j:(i,5)€Qr

ViceVre RV(ij) e (35)

—e"—02DY>0 VreRVieT,.

(36)
Third, the objective of the MILP-FIC model is modified as:

2=20, 2. ddll

lce reRi:(0,i)EQT

min
Y rle{o 1}

7,]717

(37

Since the purchasing cost varies with different BEB types
(pl, is defined as the purchasing cost for BEB type [ in the
ath year), minimizing the total fleet is not aligned with the
objective in the original fleet replacement scheduling model.
Assuming the purchasing costs of BEBs are dominantly af-
fected by the battery pack costs, the variation of p!, is reflected
by that of unit battery pack costs (measured in $/kWh),
resulting in stable relative differences between types over
time. Therefore, ol is represented as the relative difference
of purchasing BEB type [ compared to a baseline type.

As all the constraints except for the modified Charging-
accessibility constraint are still route-specific, the solving
approach in Section V is also applicable, while obtaining
Z’"’i* = Zz‘:(a,z‘)eﬂr fZ’il, resulting in mapping ! : N" —
Znt,



Similar to the modifications on the MILP-FIC model, the
intermediate variable K further includes index /: K*!. Con-
straint (20) is modified to:

KPL =i 1r,) — f7Y(I7) VieeVae{0,1,...

a+1 =

H -1},
(38)

Notably, K7>! might be negative. Suppose we have two BEB
types e = {1,2}. If we replace 1 DB for route r in the first
year, the optimal decisions are Z™1* Z"™2* = 1,0, but the
optimal decisions might be Z™1* Z"2* = 0,2 when 2 DBs
are replaced in the second year. As a result, ngl =0-1,
which is unreasonable, as the BEB type 1 purchasing in the
first type can still be reused for the second year. Therefore,

the following constraint should be added:
K''>0 VieceVac{1,2,...,H}. (39)

Objective (18) in the fleet replacement scheduling model is

updated to:
: A
rglgnz Z K>'p, — AlLb,.
lee ac{1,2,...H}

(40)

VIII. NUMERICAL EXPERIMENTS

We investigate the FIC and two of its applications within the
Hong Kong bus network. Traditional double-decker DBs are
replaced with double-decker BEBs, each featuring a 472-kWh
battery [23] which requires almost two hours [6] to get fully
charged from 0% to 100%. Based on the real charging track
from [20], vehicles are charged in the linear segment of the
charging curve ending at roughly 80% of the capacity, while
the remaining profile after reaching 80% is approximated as
a piecewise linear function. This prior work suggested three
phases from 0% to 100%, and the original charging profile is
given as:

302.08t € [0,1.25]

377.6 4+ 188.8(t — 1.25) ¢ € (1.25,1.5]
424.8 4+ 94.4(t — 1.5) t e (1.5,2]

o(t)

The variable ¢ represents time in hours. This function reflects
the variation of remaining energy with charging duration,
characterized by a charging rate that decreases across its three
phases. By extending the maximum charging duration of <i>(t)
(> 2 hours), we can derive function ®(¢) following Remark
1. Our analysis begins by examining how route characteristics
(Section VIII-A) and charging site characteristics (Section
VIII-B) influence the FIC configuration. Subsequently, we
evaluate the outcomes of two FIC-integrated applications (fleet
replacement scheduling and charging resource allocation) in
Section VIII-C.

A. Impact of route characteristics on FIC

As aforementioned, a charging site provides centralized
charging service for bus routes in R, including eight bus
routes (operated by the KMB bus company) with terminals in
close proximity (shown in Figure 3). Table III highlights the

°\/\_§\\_ ‘

9 Bus terminal
=== Route 671
we Route 1

m=m= Route 75X

mm= Route 61X
Route 6C
Route 26M

=== Route 116
=== Route 42

Fig. 3. Sketch map of eight bus routes in Hong Kong

TABLE III
CHARACTERISTICS OF BUS ROUTES

Route ID  # of round trips 77 (min) E"/D
671 32 180 40.05%
1 87 130 13.73%
116 85 176 24.90%
42 48 168 29.03%
75X 66 196 38.70%
61X 58 164 53.70%
6C 81 136 15.30%
26M 47 142 18.45%

route characteristics, including # of round trips, route service
duration, and route energy use.

The analysis in this subsection assumes no limit on charging
accessibility. Based on the total DB fleet size (M ") before the
ZEB transition, Figure 4 records the variation BEB increment
needed for replacing different # of DBs (from 0 to M", with
a 1-unit increment).

The overall results show that the routes, except for Route
116 (1:1 replacement is feasible), require BEB fleet expansion
beyond their original total DB fleet A" until the achievement
of the ZEB system. That is, purchasing the same number of DB
fleet might not maintain the trip services of most bus routes,
which stems from the limited driving range and prolonged
charging duration of BEBs. Additionally, several routes exhibit
S-shaped FICs, where zero BEB increment is required initially,
and it remains a stable final phase when approaching full
electrification.

The results highlight the impact of route characteristics
(e.g., trip frequency, total traveling duration, and energy use
of bus routes) on the FIC. A notable comparison between
Route 1 and Route 116 (with similar number of trips) shows
that despite the higher energy consumption for Route 116,
it requires no additional BEBs to replace its DB fleet. This
observation results from the longer route service duration
(T™) for Route 116, which necessitates more fleet in rotation,
ultimately reducing average serving trip counts of each bus
and its total energy use.

Among high-energy routes (671, 75X, and 61X), Route
61X requires the largest BEB increment mainly because of
its highest E". Interestingly, no BEB increment is needed
until exceeding 9 replaced DBs. The potential reason is the
underutilized DBs for serving trips (same original DB fleet as
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Fig. 4. FIC of different routes

Route 75X but with less trip frequency). These idle DBs can
compensate for the trips that cannot be served by BEBs due
to their limited driving range. Even if Route 671 needs more
energy use compared to Route 75X, the lower trip frequency
leads to fewer trips to be served. Besides, the lower trip
frequency leads to longer layover duration, providing more
opportunity for BEB charging. Therefore, the BEB increment
of Route 671 is lower than that of Route 75X.

B. Impact of charging site characteristics on FIC

To analyze the impact of charging site characteristics, we
incorporate various feasible regions into the optimization
model (27) using different charging site information. We also
consider eight routes from Table III. The DB replacement ratio
(6), represents the ratio of the number of replaced DBs to the
original DB fleet size, satisfying N™ = [M"*#] for all routes.
Consequently, the same 6 ranging from 0.0 to 1.0 with a 0.2
increment is applied across all routes.

1) Impact of siting of the charging site: The placement of
the charging site affects both the duration of potential charging
events (Wi’;), which changes with ¢,, and e,. For simplicity,
a default siting: t,,e, = 10 min, 10 kWh, respectively, is
assumed for each route r. To represent different site locations,
we define a scaling factor 8 to multiply the default values.

The findings in Figure 5 reveal that when ( increases, the
FIC generally rises across all routes, except for Route 116,
which exhibits lower fleet utilization. A higher S indicates
a more distant charging site, resulting in more time spent
on conducting charging events, and more BEB fleets are
required for maintaining trip services. In particular, the BEB
increment of Route 61X dramatically increases as (3 increases.
For Route 26M, while it ultimately (when # = 1.0) requires
the same number of BEBs for § = 2.0 and # = 3.0, where a
more distant charging site (higher ) leads to an earlier BEB
procurement to maintain the trip service.
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Fig. 5. Impact of different charging site sitings (specified by 3) on FIC.
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Fig. 6. Impact of different charging site sizes (specified by C') on FIC.

2) Impact of sizing of the charging site: The sizing of the
charging site is specified as the number of available chargers
(C). As in previous analyses, we apply the same replacement
ratio range to assess the FIC. Unlike the results in Figure 5,
where FIC is consistently plotted higher with larger S, the
results in Figure 6 fail to show this consistent phenomenon
with fewer chargers (lower C'). For example, Route 671



requires one BEB increment when 6 = 0.2 and C = 14,
compared to that when C' = 8. In the meantime, Route 75X
requires one additional BEB increment when C' = 8. This
observation arises because the centralized charging site must
coordinate charging events across multiple routes. Notably,
when 0 < 0.6, the total BEB increment of all the routes
a slightly changes regardless of C values. For comparison,
a significant difference in the BEB increment for all routes
happens when 6 is larger than 0.6. This observation reveals that
the charging site sizing significantly impacts FIC shape when
more DB fleets are replaced. Unlike the impact of charging
site siting, where a more distant charging site leads to a
non-decreasing BEB increment across all routes, the limited
charger provision enables the coordination of charging events
(e.g., adjusting their charging amount and charging periods)
across all routes to maintain a stable BEB adoption. This
suggests that, particularly at lower DB replacement ratios,
strategic charger placement is more critical than expanding
capacity in minimizing additional BEB adoption.

C. FIC-incorporated applications

The following subsections focus on FIC-incorporated two
applications: i) fleet replacement schedule; and ii) charging
resource allocation, which have been described in Section VI.
In this context, we present associated planning decisions using
the FIC outputs.

1) Fleet replacement scheduling: We use Route 75X as an
example. Based on the FIC output of Route 75X in Figure 4,
£7(.) can be mathematically obtained as:

0 N=o0,
) N+1 0<N<5,
FO=Vr10 5< N <0,

N+3 9<N<I5,

This piecewise linear function results in breaking points: (0,
0), (0, 1), (5, 6), (5, 7), (9, 11), (9, 12), (15, 18). The ZEB
system requires that all the DBs serving this route be replaced
by 2035, while initiating the replacement in 2025. In Section
VI-A, the unit BEB purchase cost and DB salvage value are
denoted p, and b,, and both of them vary with years. Referred
to [4], [8], [9], p. is supposed to follow a decreasing trend due
to advancements of battery technology, while b, declines with
vehicle aging. This reduction is captured by the exponential
equations: p, = po(1 + (1)~ % and b, = bo(1 + (2)~*, where
(1 and (o represent the discount rate of purchase cost and
salvage value, respectively. Based on the latest market data
in [24], the initial purchase cost py = 3.6 million HKS$ for a
double-deacker BEB and 2.8 million HK$ for a double-decker
DB. According to the residual value percentage reported in
[25], the salvage value of DBs is approximated as by = 0.8
million HKS. Figure 7 provides the variation details of p,
and b, from 2025 to 2035 by implementing different discount
rates. To reflect the global ambition for the ZEB transition, we
apply a higher discount rate to b,, as evidence suggests they
are depreciating more rapidly than p, [1].

From the results given in Figure 4, the total of 15 DBs
should be replaced during the ZEB transition for Route
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of BEBs over years

Variation of unit salvage value
of DBs over years
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Fig. 7. Variation of BEB purchase cost and DB salvage value with different
discount rates (from 2025 to 2035).

75X. Figure 8 presents six replacement scheduling resulting
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Fig. 8. Fleet replacement schedule with different purchase discount rates and
salvage discount rates (the original DB fleet before ZEB transition is 15).

from varying combinations of cost and reward deductions. To
balance the annual budget, the number of replaced DBs is
uniformly bounded within 1 ~ 4 for each year. It is found
that when (; equals 0.04, it would be better to delay the DB
replacement, as early BEB adoption incurs higher purchasing
costs, even with a larger discount rate (, for DB salvage value.
When the cost is not significantly reduced ((; equals 0.02),
the value of (5 for DB salvage becomes the decisive factor
in determining the replacement schedule, where a significant
reduction of DB salvage value (higher (,) incentivizes early
DB replacement over the ZEB transition.

2) Charging resource allocation: The results in Figure 6
reveal the relationship between BEB fleet expansion and the
number of chargers (C) at different replacement ratios. Based
on the model provided in Section VI-B, we replace ¢, with
the installation costs of chargers. For instance, ¢, = Cy *x o
for representing different charging site sizing, where o is the
unit cost of installing chargers. If the land use costs are not
considered, ¢ is much cheaper than the BEB purchasing price.
Hereby, this simplified scenario helps determine the minimum
number of chargers needed to minimize the total BEB fleet
expansion. Herein, we assume the charging site can maximally
accommodate 14 chargers.



Figure 9 provides the variation of total BEB increment (all
routes) with different charging site sizes. It is observed that
deploying more chargers cannot always lead to a decrease
in BEB increment. With a higher DB replacement ratio,
more BEBs will be introduced with the same number of
chargers. Additionally, the comparative results reveal that a
higher replacement ratio leads to a more sensitive reduction
of total BEB increment. From the results, we can easily get

DB replacement ratio = 0.4 DB replacement ratio = 0.8
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charger deployment strategy. Comparative analysis reveals the
impact of market variation on the fleet replacement scheduling,
where a lower discount rate for BEB purchase costs (0.02)
combined with a higher discount rate for the DB salvage
value (0.48) creates an incentive for a larger initial replacement
scale. When the DB replacement ratio reaches a higher level,
allocating more chargers within a certain range leads to a more
sensitive decline in BEB increment. A counter-intuitive finding
for the 8-route case is that doubling the DB replacement rate
(from 0.4 to 0.8) reduces the number of chargers required to
achieve the minimum BEB fleet by 1. More broadly, the results
indicate that beyond a certain point, adding more chargers
does not alter the BEB increment, informing bus operators that
excessive charger deployment may not always be beneficial for
decreasing BEB adoption.

As an intermediate work, future research directions include
investigating the joint impact of the schedule of replacing DBs
and building charging sites. Additionally, further investigation
is warranted into the potential of treating battery capacity and
charging power as design variables during the ZEB transition.

Fig. 9. The varying total BEB increment of all the routes with different
charging site sizes.

the optimal charging site with optimal C' = 12 and 11 when
the DB replacement ratio equals 0.4 and 0.8, respectively. This
result provides a counterintuitive insight: given the maximum
number of chargers allowed to be deployed, the optimal
number of allocated chargers will not increase for a scenario
with more DBs to be replaced.

IX. CONCLUSIONS

The transition to ZEB through the replacement of DBs with
BEBs mostly requires a larger fleet size than the original DB
fleet. Using the information on this increment with different
replaced DB fleets, this study introduces the concept of the
Fleet Increment Curve (FIC), enabling bus operators to make
strategic decisions and retrofit their infrastructures. We first
develop an MILP-FIC model to derive the FIC, and an
LR approach is applied to solve this model, with optimal
solutions informing the FIC configuration. By representing
FIC by-products as piecewise linear functions, we develop two
extended models incorporating FIC into the fleet replacement
schedule and charging resource allocation. To keep pace with
advancements in battery technology, the developed methodol-
ogy is extended to support BFR decisions for multiple BEB
types.

The methodology is tested within the Hong Kong bus net-
work, and our analysis reveals the impact of route and charging
site characteristics on FICs. Specifically, the stable curve
indicates that underutilized buses potentially eliminate the
need for purchasing additional BEBs. The results underscore
the importance of deploying sufficient chargers in strategic,
nearby locations (around terminals) during the ZEB transition.
At lower DB replacement levels, constrained charging site
capacity results in FIC coordination across routes to maintain
a steady BEB adoption.

Two FIC-incorporated models are verified by obtaining
the fleet replacement scheduling and determining the optimal
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