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ARTICLE INFO ABSTRACT
Keywords: Electric vehicles, powered by environmentally-friendly electricity, are rapidly emerging as a sustainable
Electric energy alternative to traditional fuel vehicles. However, challenges like range anxiety, stemming from their limited

Electric vehicle (EV)
Vehicle-to-vehicle (V2V) charging
EV charging optimization

Hybrid V2V charging

range and prolonged charging times, hinder their widespread adoption. Traditional plug-in charging, limited
by rigid charging station deployments, often fails to address the dynamic needs of drivers. To solve this, a novel
direct vehicle-to-vehicle charging approach via parking locations has been introduced. In this setup, vehicles act
both as energy consumers and providers, forming dynamic peer-to-peer charging pairs. While the direct vehicle-
to-vehicle mode is flexible, its effectiveness is curtailed by its inherently low charging power. To remedy this,
this paper proposes an asynchronous vehicle-to-vehicle charging scheme via power-storage stations, which are
equipped with high-capacity batteries and robust converters. Moreover, this paper proposes a reservation-based
hybrid vehicle-to-vehicle charging scheme that integrates both charging modes. Using a real-time reservation
system, it can precisely forecast occupancy at parking locations and power-storage stations, ensuring optimal
charging by employing the shortest finish time strategy. Simulations validate the efficacy of the proposed
scheme, highlighting significant improvements in reducing waiting times and increasing the number of fully
charged vehicles compared to existing methods, while buffering energy and shifting service away from demand
peaks to support peak shaving and improved asset utilization.

1. Introduction The most widely adopted method for energy replenishment in elec-
tric vehicles is the plug-in charging mode, with the work in [1] de-

Electric Vehicles (EVs) have emerged as a key solution to reduc- tailing recent station planning advances and the work in [2] reporting
ing the environmental impact of fossil fuel-powered transportation, operation-side evidence, where vehicles are charged either at home or

aligning closely Wlt.h the 1ntegrat10n’ f’f clean ENErgy SOUrces. As a at charging stations connected to the power grid. Despite the rapid
cornerstone of sustainable urban mobility, EVs offer significant poten- rowth in CS deplovment. the limited availability of CSs in urban
tial for lowering greenhouse gas emissions and improving air quality. g pPloy ? R

Nevertheless, their limited driving range remains a critical barrier to regions remains a major drawback [3], often resulting in prolonged

widespread adoption. To address this, various energy replenishment waiting times and reducing the practicality of EVs for daily com-
strategies have been explored to support reliable and efficient EV oper- muting [4]. Moreover, unlike refueling conventional vehicles, plug-in
ation in urban environments, while remaining compatible with power- charging requires significantly more time, which can be inconvenient
system objectives such as peak shaving, distribution-level flexibility, for users with tight schedules [5], and it may concentrate demand

and efficient asset utilization.
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temporally, leading to queues and suboptimal utilization of charging
assets at the distribution level.

Battery swapping offers an alternative solution, wherein depleted
batteries are replaced with fully charged ones at dedicated stations [6].
This approach significantly reduces charging time and alleviates the
waiting burden [7]. However, it demands standardized battery formats
and tight hardware-software integration across vehicle models, leading
to high deployment costs and limited scalability in urban contexts, as
well as nontrivial coordination with local grid operations.

In comparison, a Vehicle-to-Vehicle (V2V) charging mode, which
aligns with smart urban transportation systems, has been proposed
in [8] to relieve range anxiety by enabling direct energy transfer
between EVs. Under the direct V2V charging mode, Electric Vehicles
acting as energy consumers (EV-Cs) and energy providers (EV-Ps) ex-
change energy at Parking Locations (PLs). In addition, an asynchronous
V2V mode [9] allows EV-Cs to receive energy from Power Storage
Stations (PSSs), with EV-Ps discharging to PSSs in advance to tempo-
rally decouple the exchange; this buffering can shift service away from
demand peaks and thus better align with power-system operations.

One major advantage of direct V2V charging is its convenience.
With direct V2V charging, drivers can recharge their EVs in a peer-
to-peer manner, which makes EVs more practical for everyday use
and alleviates the dependence on charging infrastructure. However,
since the majority of works under the direct V2V charging service
are with low charging power (e.g., generally <20 kW see [10,11]
for representative implementations), the charging time through direct
V2V charging can last for several hours. Meanwhile, the V2V charging
service suffers from uncertainty in EV charging demand, therefore such
uncertainty creates huge challenge in pairing EV-Cs and EV-Ps in spatial
and temporal dimensions. In our previous work [9], we proposed an
asynchronous V2V charging mode that addresses these challenges. It
leverages PSSs to temporally decouple energy exchange between EV-
Cs and EV-Ps. However, the asynchronous V2V charging inevitably
reduces some of the spatial flexibility due to the fixed locations of PSSs.

In this paper, we propose a reservation-based hybrid V2V charging
system that integrates direct V2V charging at PLs with asynchronous
V2V charging via PSSs. Unlike prior studies that consider either di-
rect or asynchronous/storage-backed charging in isolation, we couple
both modes through an explicit reservation-capacity mechanism. We
optimize the V2V charging service with a focus on system-level per-
formance measures that are also meaningful to power-system stake-
holders (e.g., waiting time, number of fully charged vehicles, energy
transferred). The main innovations of this article are as follows:

» Hybrid V2V Charging Mode & Mode Decision Algorithm:
While previous works have adopted either direct [12,13] or asyn-
chronous [14,15] V2V charging as a supplement to plug-in charg-
ing (given that V2V does not burden the grid), our approach
integrates both modes. Specifically, direct V2V charging is en-
abled at PLs, while asynchronous charging is provided via PSSs.
To support this, we propose a novel Shortest Finish Time (SFT)
algorithm that guides EV-Cs to the optimal mode and site in
real time, which helps reduce queueing and completion time and
thereby improves effective utilization of charging resources.
Reservation-Based System with PSS Recharging: Prior works
have used offline algorithms [16,17] to estimate PL occupancy,
but such methods lack real-time accuracy. To address this, we de-
sign an online reservation mechanism where EVs actively submit
reservation requests, enabling more accurate predictions for both
PLs and PSSs. Additionally, instead of relying on grid power, we
introduce a dynamic charging and discharging scheme for PSSs
based on an Energy Prioritization Strategy (EPS); by buffering en-
ergy and scheduling service through reservations, the system can
shift load away from peaks and support grid-friendly operation.

In Section 2, we review related work. Section 3 presents the
preliminaries. In Section 4, we introduce the framework of our design
in detail. Section 5 reports the performance evaluation, and Section 6
presents the conclusion.
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2. Related work

The work in [8] introduced an innovative V2V charging approach
which allows two EVs to exchange energy directly instead of depending
on traditional plug-in charging services. This V2V technique proves to
be both cost-effective and convenient. It can also assist in load balanc-
ing on the grid during peak hours by sourcing energy from provider
vehicles at the time of service rather than the distribution feeder.
However, [8] does not consider reservation mechanisms or explicit
station capacity/queue modeling, which we address. Furthermore, the
work in [18] proposed a dual-input single-output DC-DC converter
specifically designed to facilitate the V2V charging service (hardware-
centric enablement, scheduling and reservation are out of scope). The
work in [19] introduced a series of verification protocols designed for
V2V charging services. The core motivation behind this concept lies
in furnishing EVs with charging capabilities through the utilization of
established standards like dedicated short-range communication, Wi-Fi
Direct, or Bluetooth. The authors employed a shared key exchange pro-
tocol that does not rely on certificates for authentication. Subsequently,
they designed protocols utilizing smartphones in conjunction with Wi-
Fi Direct standards . Here, the focus is on authentication/verification
rather than queue-aware scheduling or capacity planning.

Within the framework of V2V charging services, two primary appli-
cations are under study: direct and asynchronous V2V charging modes.
In the typical direct V2V charging approach, EVs are categorized into
pairs, consisting of EV-Ps and EV-Cs. To facilitate the exchange of
energy between them, specialized energy transfer devices such as DC-
DC converters [20] are employed (direct V2V commonly operates at
relatively low charging power, e.g., <20 kW in practice).

In contrast, under the asynchronous V2V charging mode, energy
accumulators located at PSSs serve as intermediaries. They accumulate
energy from the providers and subsequently transmit it to EV-Cs in need
of charging. As a result, in the asynchronous V2V charging scenario,
the charging and discharging processes can occur without requiring the
simultaneous presence of both EVs. This temporal decoupling increases
feasible power delivery but reduces spatial flexibility due to fixed
station locations.

2.1. Direct vehicle-to-vehicle charging mode

Under the direct V2V charging service, when an EV-C requests for
charging, it requires an adequate energy provider to match for a maxi-
mized charging utility and minimized charging cost. The optimization
framework for direct V2V charging is divided into V2V-Pair (formed by
EV-Cs with EV-Ps) Matching and PL-Selecting.

+ V2V-Pair Matching: Bulut et al. [16] introduced a V2V charging
system designed to facilitate energy transfer between EVs. This
system allows EV drivers experiencing range anxiety to purchase
excess energy from other EVs. The communication among EVs is
established through a location-based social networking system. To
optimize the pairing of EVs, they employed a maximum weighted
bipartite matching algorithm. Here, reservations and station ca-
pacity/queue effects are not modeled, differing from our hybrid,
queue-aware design. In a separate study by Kabir et al. [21], a
company operates a fleet of charging trucks, each outfitted with
a sizeable battery and a rapid charger, enabled for V2V charging
service. Their primary objective is to maximize the number of
fully charged EVs served. Additionally, the study accounts for the
requirement that all trucks must return to the depot after serving
EVs. To address this, the authors formulated an Integer Linear
Programming (ILP) model to determine the optimal trajectory for
each truck. This truck-routing focus contrasts with our station-
capacity-aware scheduling of direct and asynchronous modes. The
work in [17] focuses on allocating EV-Cs to suitable suppliers (CSs
or energy providers) to minimize the overall charging cost. This
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matching problem is represented as a mixed integer optimization
problem, known to be NP-hard, and is solved using the stable mar-
riage algorithm. Here, asynchronous buffering at storage stations
and flow-time-oriented scheduling are not considered.
PL-Selecting: Generally, when EV-Cs and EV-Ps are engaged in
V2V-Pair matching, they often encounter the challenge of PL-
Selecting. Once the Global Controller (GC) completes a feasibility
analysis of PL-Selecting for V2V-Pairs, several key factors come
into play, including trajectory driving time, energy consumption,
charging duration, and Charging Quality of Experience (QoE). In
practical scenarios, EVs require an optimized PL-Selecting process
due to the limited availability of parking resources. Addition-
ally, PLs may not always have sufficient equipment or chargers
for V2V charging services. Surprisingly, only a handful of prior
studies have taken into account the combined problem of PL-
Selecting alongside V2V-Pair matching [22] , and queue/capacity
constraints are typically simplified. A communication framework,
grounded in a vehicular ad-hoc network, is devised to facil-
itate real-time data transmission between CSs and EVs [23].
Utilizing the calculated travel energy cost and charging QoE
model, EVs can reserve the optimal PL, minimizing charging
costs. Furthermore, an efficient V2V charging navigation strategy
for EVs, based on vehicle communication, is proposed in [22].
Firstly, an effective semi-centralized charging navigation struc-
ture based on mobile edge computing is established. It ensures the
reliable billing information dissemination and feasible charging
coordination, with a low cost of communication and compu-
tation. Upon this, authors designed an effective local-to-global
charging navigation mechanism, to dynamically select the driving
route and PL for V2V charging operation. However, asynchronous
storage-backed operation is not integrated.

2.2. Asynchronous vehicle-to-vehicle charging mode

In contrast to the direct V2V charging approach, the asynchronous
V2V charging method allows EV-Cs and EV-Ps to initiate V2V charging
independently, eliminating the need for simultaneous charging. In this
scenario, energy providers transmit energy to PSS stations equipped
with stationary energy storage (e.g., battery systems) [24], which store
the energy. The PSS can then transfer this stored energy to EV-Cs
whenever required.

Furthermore, in the study described in [25], SAE J1772 combo
connectors are utilized between EVs to facilitate energy transfer, cou-
pled with 60 kW DC-to-AC power converters. In the context of asyn-
chronous V2V charging services, when an EV driver requests charging,
the GC allocates an appropriate PSS to maximize the charging efficiency
while minimizing the charging duration. This optimization challenge
can be broken down into two key components: PSS-Selection and
PSS-Scheduling.

+ PSS-Selecting: Kim et al. [26] addressed the challenges of range
anxiety and limited charging infrastructure by employing match-
ing theory to efficiently pair energy suppliers with energy con-
sumers. In their paper, authors introduced a method grounded in
matching theory that facilitates collaboration between Vehicle-
to-Grid (V2G) and V2V charging modes. This approach aims
to alleviate range anxiety and increase the number of charged
EVs. It explicit reservation and queue—capacity coupling are not
considered. Similarly, the work in [27] proposed a hybrid V2V
and Grid-to-Vehicle (G2V) mode. In this configuration, EVs that
submit charging requests are centrally allocated by the GC to
charge either at CSs using the G2V mode or at PLs through V2V
interactions. The most advantageous charging choice between
CSs and PLs is determined through the analysis of two distinct
service queues, aimed at minimizing the charging costs for the
EVs. Here, asynchronous buffering at storage stations and SFT
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scheduling are not included. To compute the charging expenses,
the Analytical Hierarchy Process is employed, which takes into
account factors such as charging waiting time, charging price,
and charging energy, assigning appropriate weights. Moreover,
a charging reservation method is put into practice to evaluate
charging availability and guarantee a favorable QoE for drivers.
PSS-Scheduling: During the PSS-Scheduling phase, scheduling
algorithms assume a pivotal role in efficiently overseeing the
charging and discharging processes of EVs. Yuan et al. [28]
delved into the complexities of EV charging scheduling, exam-
ining it through the lens of V2V auctions and local generation.
Their work is situated within the context of demand response
strategies. To incentivize EVs to participate in energy supply, the
authors introduced an online auction mechanism that leverages a
primal-dual approximation algorithm. This innovative approach
breaks down the long-term social cost minimization problem into
a series of single-round auctions. Additionally, to alleviate the
expenses associated with frequent switching of local generators,
the authors devised an online algorithm inspired by the concept
of delayed switching. Importantly, this online algorithm ensures
provable polynomial running time, authenticity, and individual
rationality for each auction. However, the study does not inte-
grate hybrid direct/asynchronous operation or SFT reservation
scheduling. On a related note, Koufakis et al. [29] proposed an
optimal EV charging scheduling scheme that takes into account
the synergy between G2V and V2V charging modes. This research
formulates the optimization using ILP and tackles problem solving
in an offline fashion. Furthermore, it introduces three distinct
optimal configurations for EV charging planning, designed to
facilitate energy transfer between EVs Here, reservation-based,
queue-aware scheduling with storage buffering is not the focus.

To situate our contribution, Table 1 contrasts representative schemes
along five axes algorithmic paradigm (online vs. offline), operation
mode (direct, asynchronous, or direct + asynchronous), reservation
mechanism, capacity modeling, and optimization objective. The com-
parison shows that ours is the only online approach that integrates
hybrid operation (direct + asynchronous) with explicit reservation—
capacity coupling; most prior work either addresses a single operation
mode or lacks integrated capacity management. (Here, “hybrid” refers
to the operation mode, not to an algorithmic mix of online and offline
optimization.)

3. Preliminaries

3.1. Assumptions

In this article, we propose a hybrid V2V charging system designed
for urban environments. The system includes a GC that centrally man-
ages charging by communicating with EVs, PLs, and PSSs. Multiple
PLs and PSSs are geographically distributed and equipped with DC-
DC converters to support concurrent energy transfer. Each PL and PSS
provides a finite service capacity (parallel converters).

The EVs are divided into three categories: EV-Cs, EV-Ps, and EV
Trucks (EV-Ts). They start at a different speed while traveling with
a constant speed. The freshness of EVs occupation status information,
critical for V2V charging, is determined by the communication archi-
tecture. To achieve this, the GC, EVs, PLs, and PSSs are equipped with
a wireless communication module that allows low-latency communica-
tion through the cellular network. Additionally, encrypted communica-
tion is applied between the EVs and the GC to ensure that the message is
not intercepted by unauthorized entities and to protect drivers’ privacy.
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Table 1

Comparison of recent EV energy-supply schemes and this work

International Journal of Electrical Power and Energy Systems 176 (2026) 111704

Reference Mode Reservation Capacity Objectives Scope relative to this work
[8] Direct No No Cost; feasibility Scope: peer-to-peer V2V
queue/capacity feasibility;
modeling Our focus: reservation & capacity
aware hybrid scheduling
[16] Direct No No Maximum-weight Scope: social-graph pairing;
queue/capacity matching Our focus: hybrid scheduling with
modeling reservations and capacity
constraints
[22] Direct Yes (PL) Limited capacity Navigation; QoE Scope: reservation-based PL
navigation;
Our focus: integrates
storage-backed asynchronous
mode and capacity-aware
scheduling
[18] Direct No Not modeled Converter design Scope: hardware enablement &
prototype;
Our focus: system level scheduling
[26] V2G+V2v Implicit Limited capacity Matching Scope: V2G+V2V matching;
Our focus: explicit reservation
coupling and hybrid mode
[27] V2V+G2V Yes (CS/PL) Two queues Cost; QoE Scope: central allocation between
CS and PL;
Our focus: storage buffering and
SFT reservations
[29] V2G+V2v No Some capacity Offline ILP Scope: offline planning;
modeling optimality Our focus: online reservation
scheduling at city scale
This work Hybrid (direct+async) Yes Yes; capacity Waiting time; QOE; Scope: hybrid direct &

modeled

peak shaving

asynchronous with reservation-

and capacity-aware SFT
scheduling

3.2. Network entity

Global Controller (GC): It orchestrates the coordination of EV-
related data, and computes real-time information to manage the
charging and discharging allocation of EVs.

EV-Cs: Upon detecting a State Of Charge (SOC) that is sub-
threshold, the EV-C initiates a charging request to the GC and
awaits the delineation of charging allocation.

EV-Ps: They generally random travel in network only if they have
not been paired (with EV-Cs and PSSs). EV-Ps will discharge to
EV-Cs or PSSs when receiving arrangement information from the
GC.

EV-Ts: In addition to EV-Ps, we introduce EV-Ts with higher
battery capacity to supplement electric quantity in the central
area. Due to their limited mobility (low travel speed), EV-Ts are
only assigned to provide energy to PSSs in the central area, as
described in Section 5.1.

PLs: PLs can provide the direct V2V charging services using their
parking lots. EVs can be charged/discharged using direct V2V
converters equipped at PLs.

PSSs: PSSs can provide the asynchronous V2V charging services.
They are equipped with stationary battery storage to retain en-
ergy offloaded from EV-Ps/EV-Ts and subsequently provide asyn-
chronous charging services to EV-Cs.

3.3. Proposed reservation-based hybrid V2V charging system

This paper presents a novel reservation-based hybrid V2V charging
mode that combines both direct and asynchronous modes to improve
system efficiency. The direct V2V charging mode utilizes DC-DC con-
verters installed at PLs to match EV-Cs and EV-Ps for charging. The
asynchronous V2V charging mode utilizes PSSs with DC-DC converters
to transfer power between EV-Cs and EV-Ps/EV-Ts [18]. Here, one
direction of energy transferring is from PSSs to EV-Cs, while the other
direction of energy transferring is from EV-Ps/EV-Ts to PSSs.

<
Parking Power Storage
Location (PL) . Station (PSS)
.

e Contollr (GO P.'.?" ] T
e — T
Do —~-mm() - 4 -
Rt ] RS )
- L o=
----------------------- | gk Tamy

Asynchronous V2V Charging Mode

‘Communication between GC and PL/PSS

Communication between GC and EVs
- e JS] B e - cone Condenser

Fig. 1. Toy example of the reservation-based hybrid V2V system: the GC
compares a PL (direct V2V) and a PSS (asynchronous V2V) by estimating the
expected completion time under each option, and selects the mode/site for
two illustrative requests (at 71 and 72).

3.3.1. Toy example: Scenario of the reservation-based hybrid V2V charging
decision Walk-through

Fig. 1 provides an illustrative toy example of how the proposed
reservation-based hybrid V2V system operates. We consider two EV-
Cs that trigger charging requests at different times (denoted as T'1 and
T2 in the figure), and assume they may target the same nearby PL
or PSS. Upon receiving a request, the GC collects real-time informa-
tion from both EVs and fixed infrastructure (PLs and PSSs), including
travel status, current occupancy, and the expected availability of V2V
converters.

The GC then compares two options. In the direct V2V mode (PL),
service can start only after the EV-C and the selected EV-P arrive
at the same parking location, so the decision is affected by possible
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Fig. 2. Time sequence for the hybrid V2V charging service.

synchronization delay between the two EVs. In the asynchronous mode
(PSS), the customer can start charging once it arrives at the station,
but it may experience waiting due to limited converter capacity and
existing reservations. Based on these anticipated delays and service
durations, the GC selects the charging mode and the target location
that yields the earliest expected completion, and informs the EV-C to
place a reservation at the chosen PL/PSS.

3.3.2. Time sequence of the reservation-based hybrid V2V charging system

Fig. 2 illustrates the time sequence of the proposed reservation-
based hybrid V2V charging mode. First, when the SOC of EV-C, falls
below a predefined threshold, it sends a charging request to the GC.
Next, the GC collects real-time information on available EV-Ps, PSSs,
and PLs. It then computes the local charging status, including queue
length and reservation data, and estimates the Earliest Available Charg-
ing Time (EACT) for both PSSs and PLs (see Section 4.3). Subsequently,
the GC determines the appropriate charging mode and notifies the
relevant entities (EV-P and PL, or PSS) for service matching. Finally,
EV-C, confirms the GC’s recommendation. If direct V2V charging is
selected, it sends a reservation to the target PL; otherwise, it reserves
the assigned PSS for asynchronous charging.

The above sequence is for recharge process of EV-C,, but PSSs also
require recharging when their SOC are below the threshold. As steps
6-8 in Fig. 2, when a PSS needs charging, it sends a request to the GC.
Based on the online calculation results about status of EV-Ps and EV-Ts
(detailed in Section 4.7), the GC informs the selected EVs for recharging
PSS.

3.4. Problem formulation

Problem setting: Charging requests arrive over time. At the current
decision epoch T, the system observes the real-time status of all sites
(occupancy/workload and capacity) and the travel information of the
arriving EV-C. The goal is to assign each arriving EV-C to either a PL
(direct V2V) or a PSS (asynchronous V2V) to minimize its expected
completion time under finite-capacity constraints.

To alleviate V2V charging congestion and improve charging effi-
ciency, we formulate a hybrid V2V charging management problem. The
following notations are defined:

+ y: Total service time for an EV-C to complete charging at PLs/PSSs,
including both waiting and charging durations [s].

+ 7: Average waiting time per EV-C from arrival to charging initia-
tion [s].

* Npr/pss: Total number of PLs and PSSs in the network.

* w: Number of EV-Cs arriving at PLs/PSSs during the simulation.

+ Q: Aggregate charging service time for all EV-Cs [s].

* R: set of arriving EV-Cs;

* M= Npy pss: candidate sites (PLs and PSSs).

* k,,: number of parallel V2V converters at site m (finite capacity).

* DIS,,, [m]: distance from EV-C r to site m; v, [m/s]: EV-C speed.

At PLs, the waiting time of an EV-C may be caused by delayed
EV-P arrival or limited converter availability, whereas at PSSs, it is
solely due to converter constraints. Queues are handled logically (pre-
dicted) and respect finite capacity k,,; the delay enters the model via a
site-dependent queueing term W, , [s].

System objective: We assign each arriving EV-C, to a site m, € M
(PL or PSS) to minimize the sum of predicted completion times

D Frm, [sl,

rer

min
{m.em}

€8]

where F, ,, is the predicted finish time if r chooses site m.

Feasibility and constraints: We use binary assignment variables
X, m € (0,1} with 3 1/ x, , =1 for each r, and m, = argmax,, x, ,,. The
processing time is
Emax _ peur
/T %3600

m

[s] kWh/kW = h —s), (2

Prm =

where a,, is the site charging power. The travel-based arrival is a, ,, =
T + % [s]. Let p(r) denotes the EV-P paired with EV-C,. Then Apirym
represents the predicted arrival time of the provider at site, calculated
analogously to a, ,,. For PLs, charging can only start after both vehicles
arrive, so we set the effective start time 4, ,, > max{a, ,, @ ,}; for
PSSs, a,,, > a,,,. Then, W, ,, > 0 denotes the predicted queueing delay
at site m. To estimate W, ,, we define L, as the total remaining service
workload at site m, including all ongoing and queued EVs as of time

T<“. The delay is then approximated by

3
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where k,, is the number of parallel converters at site m. This queueing-
inspired term captures capacity-induced waiting under finite parallel
converters and is incorporated into the finish-time prediction to sup-
port online mode/site decisions under congestion. The approximation
assumes that the remaining workload is evenly distributed across the
k,, service units. Accordingly, the predicted finish time is

Fr = (G =T) + W, + D,y sl 4)

Finite capacity is enforced implicitly because W, , is derived from the
ongoing workloads under k,, parallel servers. Note that w;, = Y, 1[m, =
i] is the realized inflow induced by {m,} and is not a decision variable.

Online site choice (SFT-based): For an arriving EV-C r, we evalu-

ate F, ,, over a pre-filtered candidate set and select
x _ .
m} = arg min F, . %)

Connection to the waiting-time form: If site powers are homoge-
neous («, = a) and travel-time differences are negligible (e.g., after
proximity pre-filtering), minimizing F,, is equivalent to minimizing
the predicted waiting time. In this special case, the online choice
reduces to the original waiting-time form below.
arg  min

mENpL/pss

In essence, the goal is to assign each EV-C to a PL or PSS such that its
expected completion time (travel + queueing + service) is minimized
with all quantities expressed in SI units (distance in m, speed in m/s,
time in s). The SFT rule implements this objective in an online fashion
without invoking reservation-specific constructs in the formulation.

T i={m| 7, <7, Vi€ Npp/pss} ©

3.5. Queueing-theoretic and matching-theoretic foundation

The hybrid system’s performance derives from two complementary
mechanisms: Asynchronous Mode (GI/G/k Queueing Model): Each
PSS with k,, converters operates as a GI/G/k, queue. The expected
waiting time E[W,] scales with utilization p = 1/(uk,,), service time
E[S], and variability measures. SFT improves performance by:

1. Reducing effective E[S] via high-power PSS assignment
2. Load balancing across stations (implicit JSQ policy)

Direct Mode (Synchronization-Constrained Matching): PL de-
lays are dominated by pair-arrival synchronization latency, not classical
queueing. This matches stochastic rendezvous problems where de-
lay depends on spatial agent distribution. SFT dynamically avoids
synchronization bottlenecks by:

Switch to PSS if  max(TE™,T5™) > W, pss + b, pss 7

Sync delay PSS queueing

4. System framework and algorithm
4.1. Framework of system

Fig. 3 illustrates the framework of the reservation-based hybrid V2V
charging system. EV-Cs would initiate recharging requests when its SOC
falls below the threshold. Then, EV-Cs maintain information by Algo-
rithm 1 and Algorithm 2. The information about the local occupation
of PLs and PSSs can be obtained, to calculate the earliest available
charging time of PL (PL-EACT) and the earliest available charging time
of PSS (PSS-EACT), illustrated by Algorithm 3 in Section 4.3. Then, the
EACT information is fed into the hybrid V2V charging decision.

Based on the information from Algorithms 1-3, two charging modes
will be compared to choose the optimal one (Algorithm 4 in Sec-
tion 4.4). The hybrid V2V charging decision is made based on the
information gathered from the PL and PSS service recommendations.
The GC calculates the optimal V2V charging mode using the SFT based
algorithm. Then, the GC informs the EV-C of the target PL/PSS and
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the chosen V2V charging mode. Afterwards, the EV-C makes charging
reservation by sending request to the target PL/PSS after receiving the
information from the GC.

If there are EVs at a PL, the PL schedules arriving and reser-
vation V2V-Pairs according to a scheduling algorithm (Algorithm 5
in Section 4.6). PSSs can be recharged under the asynchronous V2V
charging when its SOC is below the threshold. Afterwards, the PSS will
send a recharging request for EV-Ps/EV-Ts to request supplement. The
algorithm of PSS recharging is described in detail by Algorithm 6 in
Section 4.7. PSS schedules arriving and reservation EVs according to
the scheduling algorithm (by Algorithm 7 in Section 4.7).

4.2. Charging information collection

Upon receiving the request, the GC will calculate the information of
the two V2V charging modes using Algorithms 1 and 2 for EV-C, (the
certain EV needs V2V charging when its SOC is below the threshold).
Algorithm 1 V2V-Pair Matching and PL Matching

1: for (i=1;i < Np;i++) do

2:  if (EV-P, is not matched) then
3 Calculate DISp, ¢,

4 end if

5: end for

6: Target EV-P « arg min(DISPPC’)
7

8

tfor (j=1;j < Np;;j++) do
Calculate DI SpLc,
9:  LIST,,.ADD(DISy; ()
10: end for
11: Sort LIST,, in ascending order
12: return LIST,;

Algorithm 2 PSS Matching

1: for (i=1;i < Npgg;i++) do

2 Calculate DISpgg ¢

3:  LISTpss.ADD(DISpgs )
4: end for

5: Sort LIST ¢ in ascending order
6: return LIST,gg

+ In the case of direct V2V charging, EV-C, is paired with the
nearest EV-P; (where i in the number of PLs Np;) to conduct
energy exchange at a PL. Algorithm 1 performs this pairing by
identifying the EV-P with the minimum distance to EV-C, (lines
1-6), where DISp, . denotes the distance between EV-P; and EV-
C,. Subsequently, it computes the distances between EV-C, and all
PLs (lines 7-10), stores them in LIST; , and returns the sorted list
in ascending order of distance.

In the case of asynchronous V2V charging, EV-C, is matched to a
PSS; (where i in the number of PSSs Npgg). In Algorithm 2, lines
1-4 compute the distance DI Spgg, ¢, between each PSS and EV-
C,, storing the results in LISTpgg. At line 5, LISTp g is sorted in
ascending order of distance. The sorted list is then returned for
subsequent decision-making.

4.3. Estimation of EACT with reservation

Algorithm 3 estimates the EACT with the reservation at PL/PSS. If
there is none EV being charged, Algorithm 3 returns the current time
T at line 2. Between lines 4-6, Algorithm 3 calculates the charging
finish time of EVs under recharged and adds results to the LIST; 4.
Here, N is the number of EVs being charged, LIST ;4. is the LIST of
EACT at PLs/PSSs. Here, Eg‘ia" is the maximum battery capacity (kWh)
and Eé’f’ is the current energy (kWh) of EV-C; (in the queue of N). a
is the c‘harging power (kW). Thus 7¢"? = 3600 (E™* — E“’)/a returns
seconds (s).
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Fig. 3. Framework of the hybrid V2V charging service.

Algorithm 3 Estimation of EACT with Reservation

1: if (If no EV is being charged) then

2: return T

3: end if

4: for (i=1;i < Ng3i++) do

5:  LIST,,cr ADD(T® + %)

6: end for

7: if (LISTg 4or-SIZEQ) < N5°') then

8  Add T to LIST,,cp with (NS - LIST, ,c;.SIZEQ)) times
9: end if

10: Sort LIST, 4, in ascending order

11: Sort the queue of Ny, according to FIFS order
12: for (j=1;j < NW,++1) do

13:  LIST, 0 [0] += ——
14:  Sort LIST,¢p in ascending order
15: end for

16: for (k=1;k < Ngp;k++) do

17: if (T < T¢") then

C/

18: Tcha — E"«”:X_E‘T

: Ck a
19: T = T + LISTg4er [0]
20: Replace LIST .- [0] with TCf:"
21: Sort LIST 4o in ascending order
22:  end if
23: end for

24: return LIST,.;[0] as the EACT

If the charging slots are not fully occupied given by the condition
(LISTj 4o .SIZEQ) < NS!1), T will be added to the LISTj 4o with
(NS - LIST f 4or-SIZE()) times at line 8.

Between lines 12-15, Algorithm 3 calculates the charging finish
time of waiting EVs (Ny, is the number of EVs waiting for charging)
and adds results to the LIST; s or. The LIST ;4 [0] is added with charg-
ing time of EV-C; (in the queue of Ny,) at line 13. Here, LIST 47 [0]

is the earliest available charging time at PL/PSS, 5
duration time for EV-C;.

Between lines 16-24, the charging finish time of those EVs in the
queue of Ny are calculated and added to LIST 4. If the arrival time
of EV-C, is later than the reservation EV-C, (in the queue of Ny) given
by the condition (arrival time of EV-C, is earlier than EV-C,, T“rr
Tg”) EV-C, can be charged until the time EV-C, finishing chargmg
Specifically, the charging time denoted by the charging duration time
(TC”“) of EV-C, is calculated at line 18. Here, the (E”””‘ E‘“’) is energy
for ’EV C, needed to be charged. Then, the charging fmlsh tlme of EV-C,
(Tf ") is calculated as (T é"” + LISTg 41 [01). As the LIST 4 contains
the *EACT of EVs, the LIST eact 0] is EACT of EV completed service in

is charging

the LIST ;47 Afterwards, the LIST ;41 [0] is replaced by T/ k"' to imply

that the first available converter is occupied by EV-C, until T/ " Then,
the LIST 4y is sorted in ascending order at line 21. Finally, A’lgorlthm
3 returns LIST 4 [0] as the EACT, which means that EV-C, needs to
wait for the available slot and converter until time EACT at PL/PSS.

4.4. SFT-based decision for V2V charging mode

At time T*", the SFT decision uses the observable state of the arriv-
ing EV-C, (position and speed v,, current/maximum energy ES*", E"),
the pre-filtered candidate sets LISTp; and LIST g, each site’s charg-
ing power «,, and the site’s earliest-available charging time TEACT
derived from current workloads and k,, parallel converters. For direct
V2V at PLs, the provider’s predicted arrlval T‘"r is also needed so

the pair arrival is max{7/", T;"}. From these inputs we compute

. - Emax ECIAI’
the travel-based start time 4, ,, the processing time p,, = ———

(converted to seconds), and thus the predicted finish time F, ,, = (l:i':m
T) + W, ,, + p, - The procedure outputs exactly what is required
for subsequent reservation and scheduling: the selected mode (Direct
vs. Asynchronous), the chosen target site m* = argmin,, F,,, and
the associated shortest-finish-time value F, ,«. All time quantities are
expressed in seconds (distance in meters, speed in m/s; kWh/kW is
converted to seconds).

All quantities use SI units: distances DI.S (m) and speeds (m/s) y1eld
arrivals/travel times 79" (s), the charging time T"‘"“ = el is
computed as (kWh)/(kW)—h and then reported in seconds SO all SFT
terms are in seconds. The earliest-available time T4 from Algorithm
3 already accounts for the finite number of parallel converters at each
site (finite capacity). Per request the algorithm evaluates at most 25
candidates (PLs and PSSs), i.e., O(6) work plus fetching TEACT; with
6 = 5 and fixed per-site capacity in our experiments, the per-request
runtime is small and stable.

Based on results from Algorithm 1-3, EV-C, can execute one V2V
charging mode by executing SFT-based decision in Algorithm 4. Be-
tween lines 1-13, the SFT of 6 number PLs nearby is calculated. In order
to optimize the computational complexity, 5§ number of objects nearby
are selected for calculation.

Specifically, at line 3, the time that EV-C, travels to arbitrary PL,
(belongs to the 5§ number of nearby PLs) is calculated by # (DIS
is in meters and Speed in m/s, [yleldmg seconds). The arr1va1 time of

EV-C, at PL, is calculated by (# + Teun),

Then, the matched EV-P for EV- C is needed for considered. The
arrival time of the EV-P at PL, is calculated at line 4. Due to the direct
V2V charging can be started until both the V2V-Pair has arrived, the
arrival time of the V2V-Pair (T:a’l.’r ) is the later time between EV-C, and
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Algorithm 4 SFT-based Decision

1: for (i=1;i < 6;i++) do
2:  The PL, is fetched from the LIST,; « Algorithm 1

Tar = DISG PL 4 eur
[

Spcedcr

Turr = DISpry 4 Teur
Speed,.’

Tarr — max(Turr T;rr)

3

4

S pair

6: T“C’ - Algorlthm 3
7 Tchu - ETES
8

if (T“” < TE"CT) then

pair

9: SFTp; = (T'_A’CT Ty + Tgm
10:  else
11: SFTpy, = (T —Ter) + Tgha

12:  end if

13: The shortest finish time at the PL (SFT"””) = arg mm(SFT,,L ,SFT”“")
14: end for

15: for (j =1;j < é6;j++) do

16:  The PSS; is fetched from the LIST,g5 « Algorithm 2

17: e = DISc, pss;
: PSS, Speede,

18: TF’.‘CT « Algorithm 3

I

20: if (T"” < TPESASCT) then

21: SFTpss, = (Tf;SCT T + T
22: else ,
23: SFTpss = Tygs + T

24:  end if ’

The shortest finish time at the PL
min(SFTpg ,SFT™")

25: end for o e

26: if (SFTJ < SFTJi") then

27:  EV-C, proceeds recharging under the Asynchronous V2V Charging Mode

28: else

29:  EV-C, proceeds recharging under the Direct V2V Charging Mode

30: end if

(SFTpS) = arg

EV-P at line 5. At line 6, the EACT of PL, is calculated by Algorlthm 3.
Epa

Then, EV-C,’s charging time at PL, is calculated by —C’ at line 7.

« Especially, if the arrival time of the V2V-Pair is earlier than the
EACT time of PL;, EV-C, can start V2V charging until TZACT.
Thus, the SFT of PL, is calculated by (TEACT Tewr + T"’”)
Specifically, (TEACT — T°") is the waiting time for an available
slot and T“"” is tﬁe charging time for EV-C,.

« Otherwise, the SFT of PL; is calculated by (T“” Teur + T””“) at
line 11. Here, (Tlfa” T¢4") means that V2V- Pa1r can start dlrect
V2V charging as arriving at the target PL.

Afterwards, the minimum SFT of PL is given by the condition (arg
min(SFTPLl, SF T;,"i")) at line 13. Thus, with results between lines
1-14, the minimum SFT of § number PLs nearby can be calculated.
With the same algorithmic logic, the minimum SFT of § number PSSs
nearby is calculated between lines 15-25. At line 26, if the minimum
SFT of PSSs is smaller than that of PLs, i.e., SFT};T?‘E < SFT;T‘,
EV-C, proceeds with asynchronous V2V charging, as it is expected to
experience a shorter service waiting time. Otherwise, EV-C, opts for
direct V2V charging. Intuitively, dispatching EV-Cs by the minimum
predicted finish time (including travel, queueing, and service) is a non-
preemptive shortest completion time rule, which is known to reduce
aggregate flow-time in many single/parallel-server settings.

Our objective is to minimize ¥, . F.,, , selecting m, = argmin,, F, ,,
at each decision epoch is a standard list-scheduling step. By a two-job
interchange at a fixed site, serving the job with smaller F first does
not increase the sum of completion times, so the SFT choice is locally
dominant. We do not claim global optimality for unrelated parallel
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machines with release dates, but this provides a principled link between
the heuristic and the objective while respecting finite capacity via W, .
Because the travel component enters F,, explicitly, SFT only chooses
a farther site when the projected reduction in queueing + /or service
time exceeds the extra travel; hence detour cost remains bounded by
the §-candidate prefilter and justified by net completion-time gains.

4.5. Calculation for reservation

If EV-C, proceeds the direct V2V charging in Algorithm 4, it will
send a reservation to the target PL. The time that EV-C, arrives at

DIS,
the target PL is calculated by (T + #) where Speedc, is the

traveling speed for EV-C,. Similarly, the turfe that EV-P arrives at the
PL is calculated by (T“*"+ M), where Speedp is the traveling speed
for the EV-P (note that we a[s]sume the EV-P and EV-T are with different
speed in Section 3.1). Then, the arrival time of EV-C, and EV-P are
compared to determine the reservation time:

+ Case 1: If EV-C, arrives at the target PL before the EV-P, it must
wait until the EV-P arrives to initiate V2V charging. In this case,
the reservation time is set to the arrival time of the EV-P.

» Case 2: If EV-C, arrives at the target PL after the EV-P, it can
begin charging immediately upon arrival. The reservation time is
equal to EV-C,’s arrival time.

Afterwards, the expected remaining energy when EV-C, arrives at
the target PL is calculated by (EC'” B X DISc pr), where E‘“’ is the
current energy of EV-C,. Here, the p is the energy consumptlon rate
of EV-C while driving. Then, EV-C, makes a reservation to the target
PL with information on reservation time, max battery capacity and
expected remaining energy.

If EV-C, proceeds the asynchronous V2V charging in Algorithm 4,
it will send a reservation to the target PSS. The arrival time of EV-
C, is calculated by (T + %) Under the asynchronous V2V
charging mode, since EV-C, is charged by PSSs without EV-Ps, the
reservation time of EV-C, is equal to the arrival time of EV-C,. The
expected remaining energy when EV-C, arrives at the target PSS is
calculated by (EC’” — BX DIS¢, pss)- Then, EV-C, makes a reservation
to the target PSS with information on reservation time, max battery
capacity and expected remaining energy.

4.6. PL-scheduling

Algorithm 5 PLs schedule EVs under Direct V2V Charging

1: Sort the LIST,,;, with FIFS Algorithm
2: for (i=1;i < Ny,;i++) do

3 if (LIST,,,.SIZEQ < N5) then

4 LIST, ,,.ADD(V2V-Pair,)

5: LIST,,,;, REMOVE(V2V-Pair,)
6
7
8

wait
end if
: end for

: PL executes service as LIST,,, under the Direct V2V Charging Mode

When there are V2V-Pairs at a PL needed to execute the direct V2V
charging service, the PL will schedule V2V-Pairs charging according to
Algorithm 5. Firstly, Algorithm 5 schedules those V2V-Pairs waiting for
available charging converters in waiting list of EVs (LIST,,,;;) according
to First In First Serve (FIFS) scheme at line 1. Here, LIST,,;, is the
waiting list of EVs at the PL. Secondly, between lines 2-7, the PL adds
V2V-Pairs to the charging LIST (LIST,,,) when there is available V2V
charging slots given by the condition (LIST,,,.SIZEQ) < the number of
charging slot of the PL (N51)). Then, V2V-Pairs in LIST,,,, will be
removed at line 5. Afterwards, the PL executes service as LIST,,, under
the direct V2V charging mode.

cha
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Algorithm 6 PSS-recharging

1: if (The SOC of PSS is below threshold) then
2: for (i=1;i < Np;i++) do

3 if (EV-P, is not matched) then
4 LIST,,..ADD(DISpgs p)

5 end if

6: end for
7

8

if (The PSS is located in the central area) then
: for (j=1;j < Ny;j++) do
9: if (EV-TJ is not matched) then

10: LIST,,..ADD(DT S5 )
11: end if '
12: end for

13:  end if

14:  Sort LIST,,,

. = Sloi
15 M =N

16:  The first M EVs in the LIST,,. make reservation to the PSS

17:  The PSS will be recharged by the first M EVs in the LIST,,,
18: end if

in ascending order

4.7. PSS-scheduling

Under the asynchronous V2V charging mode, a PSS needs to
recharge if its energy is at a low level (the details are explained in
Section 3.3 and steps 6-8 in Fig. 2). In Algorithm 6, if the SOC of the
PSS is below the threshold, the PSS will find EV-Ps/EV-Ts to recharged.
Between lines 2-6 in Algorithm 6, the PSS maintains the recharging list
of EV-Ps/EV-Ts for PSSs (LIST,,.). Here, LIST,,. is the recharging list of
EV-Ps/EV-Ts for the PSS.

At line 3, if EV-P; (where i belongs to Np) is not matched, the
PSS adds the distance from EV-P; to LIST,,.. Furthermore, if the PSS is
located in the central area (defined in Section 5.1), it can be recharged
by EV-Ts as the high demand for electricity. Moreover, due to the low
mobility but high energy capacity of EV-Ts, EV-Ts are beneficial for
reducing battery anxiety in the central area. Between lines 8-12, The
GC adds the distance between PSS and EV-T; (where j belongs to the
number of EV-Ts N;) to LIST,,.. Then, the LIST,,, is sorted in ascending
order at line 14. At line 16, the first M EVs in the LIST,,, will make
reservation to the PSS. Finally, at line 17, the PSS will be recharged by
the first M EVs in the LIST,,,, where M is the number of charging slots

at the PSS (Ngg?g).

rec rec

Algorithm 7 PSSs schedule EVs under Asynchronous V2V Charging

1: if (The SOC of PSS is below threshold) then
2: PSS runs Algorithm 6

3 Sort the LIST,,, with EPS scheme
4: else

5 Sort the LIST
6: end if
7

8

wait

wair With FIFS Algorithm
: for (i=1;i < Ny,;i++) do

if (LIST,,,,.SIZEQ < N3') then

cha PSS
9: LIST,,,,.ADD(EV,)
10: LIST,,,.REMOVE(EV,)
11:  end if
12: end for

13: PSS executes EV-Cs for charging service as LIST,,,, under the Asynchronous

V2V Charging Mode

In Algorithm 7, in case that the SOC of the PSS is higher than
the threshold and there are EVs at the PSS needed to execute the
asynchronous V2V charging service, the LIST,,,;, will be sorted with
FIFS Algorithm. Otherwise, if the SOC of the PSS is below the threshold,
the PSS sorts the LIST,,, with EPS scheme. In EPS algorithm, EV-
Ps/EV-Ts will be prioritized to charge PSS by occupying charging
converters, rather than supplying EV-Cs charging.
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Fig. 4. Simulation map (Helsinki): study area and road network with PLs and
PSSs, where trajectories are generated within the boxed region.

Afterwards, the PSS schedules the asynchronous V2V charging ser-
vice for EVs. Between lines 7-12, if there are free charging slots given
by the condition (LIST,,.SIZEQ) < N3&%), the PSS adds EV, (in the
queue of Ny,) to the LIST,;,, and removes it from the LIST, ;. Here, the
LIST,,, contains EVs is under the asynchronous V2V charging. Then,
the PSS executes EVs as LIST,,, under the asynchronous V2V charging
mode.

5. Performance evaluation
5.1. Simulation configuration

Fig. 4 presents the simulation environment for V2V charging within
a 4500 m x 3400 m area of Helsinki, Finland, constructed using the Op-
portunistic Network Environment (ONE). The central region, outlined
by the dotted box, is bounded by coordinates 695 < X < 3841 and
498 < Y < 2902, covering approximately half of the city. A total of 32
PSSs and 12 PLs are deployed to support hybrid V2V charging services.
EV-Cs and EV-Ps move at variable speeds between 30 and 50 km/h,
while EV-Ts are restricted to the central area and travel at speeds of 20
to 30 km/h.

Three EV-C types are configured as follows:

+ Coda Automotive: 33.8 kWh battery, 193 km range, 30% SOC.
» Wheego Whip: 30 kWh battery, 161 km range, 40% SOC.
» Hyundai BlueOn: 16.4 kWh battery, 140 km range, 50% SOC.

For example, the Coda Automotive EV-Cs have an initial energy of
33.8 kWh and an endurance mileage of 193 km, with an energy SOC
threshold set at 30%. In contrast, the EV-Ps have an initial energy of
60 kWh, while the EV-Ts have 120 kWh, allowing them to provide
unlimited energy to feed EV-Cs at PSSs during the simulation. Each
PL/PSS is equipped with 8 V2V DC-DC converters to enable V2V energy
transfer in parallel, but the charging power differs between PL and PSS.

Currently, charging piles are capable of delivering a charging power
that surpasses 100 kW. While the charging capacity of V2V mode
might not reach the 100 kW threshold, the unparalleled convenience
they offer, along with other associated advantages, sets them apart
from regular charging piles. Specifically, the charging power achievable
through V2V technology exceeds 40 kW [30], allowing for efficient
charging of EVs within a remarkably short span of 1-2 h. This rapid
charging capability significantly reduces the downtime of EVs and
supports seamless, on-the-go charging experiences for drivers. Here, the
charging power at the PL is 20 kW (within the 6-22 kW range reported
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for direct V2V prototypes [31]), while the charging power at PSS is
40 kW (mid-range for stationary DC converters [32]). Unless otherwise
noted, all reported points are the mean over three independent random
seeds. To avoid clutter, the main plots show means. The simulation lasts
for 12 h.

The following are V2V charge schemes and performance indicators:

Direct V2V (Distance) [33]: Prioritizes spatial efficiency by
selecting V2V pairs and PLs based on minimum geographical
distance.

Direct V2V (Duration) [34]: Focuses on temporal efficiency by
minimizing V2V charging service duration during pair and PL
selection.

Asynchronous V2V (Distance): Operates in asynchronous mode
with PSS scheduling based on the low-SOC-first charging princi-
ple.

Hybrid V2V (MWT) [9]: Combines direct and asynchronous
modes; allocates charging by minimizing waiting time and applies
LSFC for PSS scheduling.

Hybrid V2V (Reservation-based SFT): The proposed scheme
introduces reservations and a SFT strategy to dynamically switch
between modes, ensuring energy stability via EPS in asynchronous
charging.

The considered performance metrics are as follows:

Number of EVs Fully Charged (NOFC): This metric denotes
the total count of services that all EVs achieve fully charging
throughout the simulation period, serving as an indicator from
the perspective of the system.

Average Waiting Time (AWT): This metric denotes the average
queueing delay that an EV spends waiting to be fully charged
upon arriving at the chosen PSS, serving as an indicator from the
perspective of EVs.

Energy Transferred (ET): This metric denotes the total energy
delivered to EV-Cs during the simulation, i.e., the sum over all
completed charging sessions.

Detour Cost (DC): This metric denotes the additional EV travel
relative to the nearest feasible site at the decision time, measured
as extra distance or travel time aggregated across requests.
Converter Utilization (U): This metric denotes the fraction of
time converters are occupied; we compute it per site and report
the converter-count-weighted average across all sites.

5.2. Investigation on parameters setting

Parameter sensitivity (EV-T count): Before conducting the com-
parison experiment, we conducted simulations to optimize the number
of EV-Ts and the selection of compared stations parameters. Specifi-
cally, we varied the number of EV-Cs from 0 to 90 in increments of 30,
and after 12 h of simulation, we analyzed the results of the influence
of the EV-Ts’ number, as shown in Fig. 5(a) and 5(b).

The results in Fig. 5(a) show that the use of EV-Ts leads to im-
proved performance, as they can bring a significant amount of energy.
However, as the number of EV-Ts increased, we observed that the
improvement reaches saturation. On the other hand, Fig. 5(b) shows
that the performance of AWT is worse when there are more than 60
EV-Ts, the main reason is that much more EV-Ts cause congestion at
PSSs and leads to increased waiting time of EV-Cs. Based on these
findings, we set the number of EV-Ts to 30 for the following simulation
experiments with concern to minimize the cost of additional energy
supplier operated in network.

Parameter sensitivity (number of candidate stations &§): We
conducted simulations by varying the number of nearby stations (§)
from 1 to 10. The results are shown in Fig. 6(a) and 6(b). Our findings
indicate that the performance of the scheme is better when the number
of stations is set to 5, as it outperforms other settings in terms of AWT
and NOFC. Thus, we set the number of nearby stations (§) to 5 for the
later simulation experiments.
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5.3. Influence of EVs density

In reality, the number of EVs has a significant impact on the load
of the charging system, which in turn affects the quality of charging
services. Therefore, we conducted a simulation experiment to simulate
the increase in EV density.

5.3.1. Influence of EV-Cs density on AWT and NOFC

We set the count of EV-Ps at 180 and EV-Ts at 30. To investigate
the adaptability of four V2V schemes to a rising number of EV-Cs, we
varied the EV-Cs count from 90 to 360 in increments of 90.

Fig. 7(a) shows that under both Direct V2V (Distance) and Direct
V2V (Duration) schemes, NOFC declines as the number of EV-Cs in-
creases, due to limited EV-P availability and lower charging power.
In contrast, the Asynchronous V2V (Distance) scheme achieves better
NOFC performance by leveraging high-power converters at PSSs and
greater flexibility. However, while it accommodates larger EV-C popu-
lations more effectively, its performance remains inferior to that of the
Hybrid V2V schemes.

Among the Hybrid V2V schemes, the Reservation-based SFT variant
clearly outperforms the MWT-based approach. This advantage arises
from the SFT algorithm’s ability to reduce charging service dura-
tion, thereby increasing the number of EV-Cs served. As a result,
the Reservation-based SFT scheme consistently achieves higher NOFC,
particularly as the EV-C population grows.

Fig. 7(b) delineates the performance of all V2V charging schemes
in terms of AWT. The Direct V2V (Distance) and Direct V2V (Dura-
tion) schemes exhibit the highest AWT, a consequence of the limited
availability of EV-Ps and subpar charging power. Conversely, the asyn-
chronous V2V charging mode registers a reduced AWT, attributed to
the expedited charging facilitated by PSSs. Regarding the hybrid V2V
charging modes, the Hybrid V2V (Reservation-based SFT) surpasses the
Hybrid V2V (MWT). As elucidated in Algorithm 4, EV-Cs have the
option to charge either directly from EV-Ps or asynchronously from
PSSs. The decision is predicated on the computed values of SFT';;"L1 and
SFT}¢, determining the optimal V2V charging mode based on SFT.
Consequently, in terms of AWT, the Hybrid V2V (Reservation-based
SFT) demonstrates superior performance, especially with an increasing
count of EV-Cs.

As EV-C arrivals increase, baselines show the usual sharp rise
in AWT. Reservation-based SFT keeps AWT lower by routing to the
earliest-finishing site (leveraging higher-power PSSs), balancing load
across PL/PSS, and using reservation timing to cut AWT growth (see
Fig. 7(b)) and turning capacity into more completions, hence higher
NOFC (see Fig. 7(a)).

Secondary system-level metrics: In addition to NOFC and AWT, we
tracked three system-level metrics: ET, DC and U. As expected, ET
increases with NOFC (fixed powers/request sizes); DC remains modest
because the travel term is penalized inside F,,, and site choice is
restricted to the § nearest candidates; and U rises with throughput
while SFT’s balancing prevents localized saturation. These secondary
metrics thus move consistently with the NOFC/AWT trends, so we keep
NOFC and AWT as primary outcomes and summarize the others in text
to avoid clutter.

5.3.2. Influence of EV-Ps density on AWT and NOFC

We fix the number of EV-Cs as 360 to simulate the high demand
scenario. To explore the response of four V2V schemes to an augmented
number of EV-Ps, we adjust the EV-Ps density, ranging from 90 to 360.

As shown in Fig. 8(a), both the Direct V2V (Distance) and Direct
V2V (Duration) schemes exhibit lower NOFC performance due to insuf-
ficient EV-P supply under high EV-C demand. In contrast, the remaining
three schemes — particularly the Hybrid V2V (Reservation-based SFT)
— demonstrate greater adaptability as EV-P availability increases. No-
tably, the Reservation-based Hybrid V2V maintains strong performance
even with limited EV-Ps, attributed to its ability to dynamically switch
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EV-Cs to the optimal charging mode based on reservation-informed
scheduling, while efficiently utilizing EV-Ps across both direct and
asynchronous modes.

Similarly, Fig. 8(b) shows that the direct V2V schemes suffer from
high waiting times under supply constraints. In contrast, the Hybrid
V2V (Reservation-based SFT) consistently achieves the shortest aver-
age waiting time, owing to its flexible coordination mechanism that
balances real-time demand with predictive reservation strategies.

Furthermore, when EV-Ps are scarce, direct V2V at PLs incurs a
pair-arrival synchronization delay. SFT detects this and switches EV-
Cs to asynchronous PSS service, eliminating the synchronization gate
and exploiting higher power, which explains the larger gains in AWT
reduction and NOFC in the low-EV-P regime (see Fig. 8(a) & 8(b)). As
EV-P availability grows, SFT continues to balance work between PLs
and PSSs, maintaining the advantage.

5.4. Influence of reservation

To assess the impact of reservation, the number of EV-Ps and EV-
Ts is fixed at 180 and 30, respectively, while the number of EV-Cs
varies from 90 to 360. This isolates the contribution of the reservation—
capacity coupling to system-level performance.

As illustrated in Fig. 9(a), increasing the number of EV-Cs does
not lead to severe congestion under either Hybrid V2V scheme. How-
ever, the Reservation-based SFT leverages reservation information to
anticipate charging hotspots. Consequently, as shown in Fig. 9(b), it
consistently outperforms the NoReservation-based SFT in both NOFC
and AWT, achieving more fully charged EVs and reduced waiting times.
These results substantiate the originality claim that reservations, when
coupled with capacity-aware earliest-available-time estimation and SFT
assignment, are a key driver of the observed flow-time improvements.

Our reservation-based SFT relies on predicted finish times that
combine travel, queueing delay under finite capacity k,,, and service
time determined by site power «,. Hence the dispatch rule is map-
agnostic and depends on local EACT/queue dynamics rather than a
specific road topology. While we evaluate on a heterogeneous urban
map (downtown and peripheral patterns) and average over three seeds
with CIs, full multi-map replication is left as future work.

6. Conclusion

Electric vehicles, as a form of electrically powered road transport,
are rapidly expanding in adoption. However, many drivers still face
range anxiety and queueing at charging infrastructure. Meanwhile,
delivering user-centric energy supply while supporting power-system
objectives such as peak shaving and asset utilization remains chal-
lenging. This study presented a reservation-based hybrid vehicle-to-
vehicle energy-supply scheme that integrates direct charging at parking
locations with asynchronous charging via power-storage stations. A
shortest-finish-time decision rule, informed by reservations and con-
verter capacity, assigns each electric vehicle as energy consumer to the
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mode and site that minimize expected completion time. In city-scale
simulations on the Helsinki road network, the method consistently re-
duced average waiting time and increased the number of fully charged
electric vehicles compared with alternatives, with gains most pro-
nounced under high demand. By buffering energy at storage stations
and shifting service away from peaks, the design aligns with power-
system goals and improves effective utilization of charging assets.
Future work will extend validation across multiple urban maps and
random seeds, include parameter-sensitivity studies, and provide an-
alytical bounds that clarify the connection between the decision rule
and flow-time minimization.
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