
Academic Editor: Vladimir Katic

Received: 4 December 2025

Revised: 17 February 2026

Accepted: 19 February 2026

Published: 25 February 2026

Copyright: © 2026 by the authors.

Published by MDPI on behalf of the

World Electric Vehicle Association.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Comparative Analysis of Slow Charging, Fast Charging,
and Battery Swapping in Electric Truck Logistics: A Harbor
Transport Case
Harrison John Bhatti 1,* , Arne Nåbo 1 and Magnus Eek 2

1 The Swedish National Road and Transport Research Institute (VTI), 41755 Göteborg, Sweden;
arne.nabo@vti.se

2 The Swedish National Road and Transport Research Institute (VTI), 58330 Linköping, Sweden;
magnus.eek@vti.se

* Correspondence: harrison.john.bhatti@vti.se; Tel.: +46-(0)-721354974

Abstract

As the electrification of heavy-duty trucks accelerates, conventional charging methods face
challenges, including long charging durations and reduced transportation efficiency. This
paper compares and evaluates various charging methods for electric heavy-duty trucks
(EHDTs), including slow charging, fast charging, battery swapping, and electric roads,
from both technological and economic perspectives. A case study in a harbor setting
further examines the cost and efficiency implications of a 22 kW slow charger, a 150 kW
fast charger, and battery swapping (the swappable battery is charged with 150 kW). The
analysis provides insights into selecting the most suitable charging solution by assessing
annual charging costs, truck and infrastructure cost amortization, and downtime across
different scenarios. The findings of this paper indicate that slow charging is cost-effective
in low-demand operations but becomes impractical as operational demand increases,
leading to excessive downtime exceeding 37,000 h annually in high-demand scenarios. Fast
charging significantly reduces downtime but requires higher infrastructure investment
and charging costs. Battery swapping minimizes downtime to less than 300 h annually
in high-demand scenarios, and, despite a higher initial infrastructure cost, it emerges as
the most cost-effective option over five years for medium- and high-utilization fleets, with
a total cost of approximately €1.67 million in the studied harbor case. Thus, selecting a
suitable charging solution depends on operational priorities, such as minimizing cost or
maximizing fleet availability within a specific use-case context.

Keywords: electric trucks; depot charging; slow charging; fast charging; battery swapping

1. Introduction
In 2023, the transportation sector was responsible for approximately 16% of global

carbon emissions, equivalent to around 8.4 billion metric tons of carbon dioxide [1]. Heavy-
duty trucks (HDTs) are a significant contributor to these emissions, accounting for 41% of
the sector’s carbon output, despite comprising only 7% of the total vehicle population [2,3].
This imbalance highlights the need for targeted solutions in this area. Due to increased
awareness of climate change, the concept of electrification is rapidly emerging as a clean,
eco-friendly alternative to traditional diesel trucks, helping address pollution and global
warming [4]. While these challenges are international in nature, their mitigation ultimately
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depends on local, operational decisions, such as how freight vehicles are charged and
scheduled in energy-intensive nodes like ports and logistics hubs.

Electrification of heavy-duty trucks has emerged as a promising approach to reducing
emissions, as lithium battery technology [5,6] has improved, making EHDTs technically
and economically viable compared to diesel and alternative-fuel trucks [7,8]. Existing
studies [6,7,9,10] have examined the potential advantages of EHDTs over diesel trucks
throughout their life cycle. These studies indicate that, although EHDTs require a signif-
icant initial investment, their life cycle costs can be comparable to those of their diesel
truck counterparts, particularly when the trucks are driven with high annual mileage and
equipped with durable batteries.

The adoption of EHDTs has been accelerated by government support through reg-
ulations and incentives to promote zero-emission vehicles [11–13]. The electrification of
HDTs in China was in its early stages in 2020, with an electrification rate of approximately
0.16% [14]. However, with strong policy support and efforts to promote decarbonization,
adopting EHDTs is expected to gain momentum and become a growing trend. Forecasts
indicate that the electrification rate of HDTs in China will grow from 0.16% in 2020 to 18%
by 2030 [15]. Several truck manufacturers, including Van Doorne’s Aanhangwagen Fabriek
(DAF), Daimler, Maschinenfabrik Augsburg-Nürnberg (MAN), Navistar, Nikola, PACCAR
(originally Pacific Car and Foundry Company), Volkswagen, Volvo, Tesla Inc., and Thor
Trucks, have unveiled ambitious plans to electrify their HDTs [16]. These plans feature
battery capacities ranging from 300 kWh to approximately 990 kWh [17].

Meanwhile, many companies have begun incorporating EHDTs into their fleets or
have announced plans to procure them. For instance, Amazon announced in January 2025
plans to deploy about 150 EHDT across the UK, including over 140 from Mercedes-Benz
and 8 from Volvo. This initiative aligns with the company’s goal of reaching net-zero
carbon emissions by 2040 [18]. Similarly, in September 2024, Australian mining firm
Fortescue entered a $2.8 billion agreement with Liebherr to create a zero-emission mining
fleet. The deal involves acquiring 360 autonomous EHTs, 55 electric excavators, and
60 battery-powered dozers, accounting for approximately two-thirds of Fortescue’s total
mining fleet [19]. By the end of 2023, Schneider National had incorporated approximately
100 Freightliner eCascadia battery-electric semi-trucks into its operations, achieving over
1 million zero-emission freight miles [20]. Nestlé has expanded its fleet with electric HGVs
capable of traveling 120 miles per charge, ensuring zero tailpipe emissions [21]. Swedish
company Einride has partnered with major corporations such as Mars, Heineken, PepsiCo,
and Maersk to facilitate the transition to electric trucking, improving operational efficiency
while lowering emissions [22].

Despite government support, accelerating the adoption of EHDTs in trucking fleets
is considered more challenging than electrifying passenger vehicles. One of the most
significant hurdles in this process is addressing the challenges associated with charging
EHDTs [23]. The potential for electrifying commercial vehicles increases with the availabil-
ity of charging infrastructure that meets these vehicles’ charging requirements [7,9,24–26].
Operators of commercial vehicles are unlikely to switch to EHDTs if the charging process is
more complex, time-consuming, and uncertain [27]. Additionally, the operational schedules
of commercial EHDTs can affect the charging of these trucks at charging infrastructure
compared to passenger vehicles [8]. Thus, successfully adopting EHDTs across various
commercial fleets requires selecting appropriate charging methods tailored to specific
contexts and conditions.

Despite growing literature on charging strategies for EHDTs, most existing studies
focus on general freight transport, long-haul operations, or passenger vehicle analogies,
with limited attention to logistics-intensive nodes such as ports. Harbor transport is
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characterized by short travel distances, high vehicle utilization, strict time constraints, and
sensitivity to downtime, which fundamentally alter the suitability of different charging
solutions. This study addresses this gap by examining how operational constraints in a
harbor environment influence the technical feasibility and economic performance of slow
charging, fast charging, and battery swapping.

This paper compares and analyzes different charging methods for EHDTs, including
slow charging, fast charging, battery swapping, and electric roads. The main contributions
of this paper are to provide operationally grounded, case-based insights into charging
strategy selection for EHDTs under high-utilization harbor conditions, as summarized as
follows: (1) To provide a comprehensive overview of different technological and economic
perspectives of various charging methods for EHDTs to understand their feasibility, effi-
ciency, costs, and suitability from a general perspective by reviewing existing literature.
(2) In real-life applications, the suitability of different charging methods depends highly
on the specific use case. Therefore, to provide deeper insights, this paper also evaluates
different charging methods (slow charging, fast charging, and battery swapping) for a
specific harbor use case. This is achieved by comparing and analyzing technical feasibility,
annual charging costs, annual amortization of truck and charging infrastructure costs, and
annual downtime for EHDTs.

2. Literature Review
To improve clarity, the literature reviewed in this section is structured around four

interrelated themes: technological readiness of charging solutions, infrastructure and power
grid implications, operational performance and flexibility, and economic and business
model considerations. Together, these themes provide a basis for comparing different
charging strategies for EHDTs.

The establishment of charging infrastructure has become increasingly important as
new EHDTs advance rapidly. Cable charging and battery swapping are the two primary
methods of energy supply for these trucks [14]. Thus, this literature review explores
charging technologies that are evolving to meet diverse consumer and industry needs. The
four charging solutions covered here are slow charging, fast charging, battery swapping,
and electric road charging. These solutions differ significantly in terms of technological
and economic perspectives.

2.1. Technological Perspective of Various Charging Methods

The International Electrotechnical Commission (IEC) and the Society of Automotive
Engineers (SAE) classify the charging power of EHVs into four levels. Levels 1 to 3 involve
AC (alternating current) charging, while Level 4 corresponds to DC (direct current) fast
charging. Table 1 compares various energy supply methods for EHVs from different
perspectives [28,29]. Currently, AC slow charging is the most used method due to its
well-established technology and standards, low investment cost, minimal impact on battery
degradation, and limited strain on the power grid. However, its major drawback is the
long charging time, often requiring several hours, which results in low transport efficiency,
occupying substantial space as trucks remain stationary for extended periods during
charging, and inconvenience for EHDT drivers and smooth operation [30].

In response, DC fast charging technology has advanced rapidly in recent years. The
charging speed of a battery is typically measured by the C-rate (C), defined as the ratio
of the charge or discharge current to the battery’s nominal capacity. Presently, DC fast
charging operates mainly at 1–2 C, with ongoing development of supercharging technology
capable of achieving charge rates exceeding 4 C [14]. While fast charging significantly
reduces charging times, it presents various challenges. Organizations such as Argonne
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National Laboratory are conducting comprehensive studies on vehicle performance, battery
behavior, and economic factors to address these challenges and support the development
of fast charging technologies [30–32]. Battery safety and lifespan optimization during fast
charging have become key research areas in transportation and energy [33]. Additionally,
large-scale deployment of high-power charging poses a challenge to power grid stability,
particularly under high-power DC fast charging conditions [34,35].

Table 1. Literature-based synthesis of technological and operational characteristics of slow charging,
fast charging, battery swapping, and electric road systems for EHDTs.

Parameters Slow Charging Fast Charging Battery Swapping Electric Road

Technology Well-established Evolving to enhance
speed and safety

Evolving to improve
speed and accuracy

Evolving to enable
real-time charging on
the move

Vehicle Investment Low initial cost
High initial cost due to
the advanced battery
and system

Low initial cost,
excluding the battery

High initial cost due
to integration with
road systems

Station Investment Low cost Moderate cost High cost
High cost for road
infrastructure
and maintenance

Battery Prolongs battery lifespan
Expensive, potential
safety risks, accelerates
wear

High initial cost, but
maximizes overall
lifecycle usage

May reduce onboard
battery size,
prolong lifespan

Power Grid Impact Minimal Significant Moderate
High; requires stable
and extensive
grid support

Charging Time 8–24 h Charging time takes up
to 30 min

Swapping time takes
3–5 min

Real-time charging,
no stops required

Types Conductive and inductive Conductive and inductive Manual and
robotic automated

Conductive and
inductive

Space Requires more
parking space

Requires more
parking space Lesser space required No extra parking

space is required

Charging Place
A charging action takes
place at a home/
charging station

A charging action takes
place at a home/
charging station

Charging action by
service providers at the
swapping station

Charging happens on
designated electric
roadways

An alternative approach is battery swapping, where the truck’s battery is replaced
within minutes of arrival at a swapping station [36,37]. However, battery swapping requires
significant investment due to the cost of specialized swapping infrastructure and the need
for extra batteries stored at the station [38]. Despite these challenges, the concept of battery
swapping introduces a new business strategy that separates vehicle batteries, lowering
the upfront cost for vehicle owners and enhancing battery management and utilization
throughout their lifecycle [39]. The concept of battery swapping was described by Better
Place in 2007 and later tested by Tesla in 2013. However, both attempts were unsuccessful
due to multiple factors, including limited adoption of new energy vehicles, insufficient
policy and financial support, compatibility issues, and high initial investment costs [40].

In China, battery swapping for electric buses has been demonstrated since 2008,
whereas energy supply solutions for EHDTs have evolved. Initially, swapping technology
was explored, followed by a shift toward charging-based solutions. Since 2018, the govern-
ment has once again encouraged the adoption of battery swapping [14]. Several factors
have emerged that support the growth of battery swapping: (1) Rapid expansion of new
energy vehicles—The increasing adoption of electric vehicles is driving demand for effi-
cient energy supply solutions. (2) Clear policy support—The government has introduced
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multiple policies promoting battery swapping, including pilot projects and establishing
industry standards [41,42]. (3) Technological advancements—Leading automotive and
energy companies, such as BAIC BluePark New Energy Technology Co., Ltd. (BAIC New
Energy), NIO, and the State Power Investment Group Corporation, have been actively
developing and commercializing battery swapping for EHDTs. This has led to the intro-
duction of innovative concepts such as battery-as-a-service (BaaS) by NIO and EVOGO by
Contemporary Amperex Technology Co., Limited (CATL) [14]. Thus, given these develop-
ments, while battery swapping has faced setbacks in the past, its feasibility should now be
reassessed in light of specific application scenarios.

Another emerging charging method is electric roads, which enable electric vehicles
to be charged dynamically while driving. This method offers a promising solution to
electrification challenges by enhancing travel range and significantly reducing charging
times [43,44]. Sweden and Germany have initiated government-to-government agreements
to strengthen collaboration on research into Electric Road Systems (ERS) [45]. Germany
is exploring the use of overhead ERS technology, designed exclusively for heavy-duty
vehicles [46]. Sweden continues to evaluate various technologies that could accommodate
a broader range of vehicle types. Sweden’s primary motivation for implementing ERS
technology is to accelerate the electrification of heavy-duty transport [47]. Various electric
road concepts are being developed worldwide, primarily using two methods to transfer
power to vehicles: conduction and induction. Conduction involves a physical connection
between the vehicle and the road, as in electric trains, trams, and trolleybuses. This
technology is well-established but requires modifications to be compatible with road
vehicles. Induction, on the other hand, transfers electricity wirelessly through a magnetic
field, eliminating the need for a direct connection [48,49]. While promising, inductive
charging is still in its early stages, with only a few pilot and demonstration projects in
existence. Both charging methods can be integrated in different ways, depending on where
the connection is made—above, beside, or beneath the vehicle. Initially, many designs
used overhead connections, likely inspired by railway and tram systems. However, recent
developments focus more on in-road connections, as they offer greater flexibility [50]. This
approach allows both light-duty (e.g., passenger cars) and heavy-duty (e.g., trucks and
buses) vehicles to share the same infrastructure, making it a more practical solution for
widespread adoption.

It should be noted that, despite their long-term potential, electric road systems are
currently at the pilot and demonstration stage in most countries. Large-scale deploy-
ment depends on factors such as corridor selection, technology standardization, public
investment, and coordination between road authorities, grid operators, and vehicle man-
ufacturers. As a result, while electric roads represent a promising future solution for
heavy-duty transportation, their near-term applicability remains limited to specific test
corridors and controlled use cases.

Table 1 summarizes key characteristics of charging strategies from the reviewed liter-
ature [28–51], including technological maturity, infrastructure requirements, operational
implications, and economic considerations.

2.2. Economic Perspective of Various Charging Methods

The limited economic benefits have slowed down the widespread adoption of charging
and swapping infrastructure [51]. To address this, extensive research is being conducted
on economic analysis and the optimization of charging and battery-swapping infrastruc-
ture [52]. A study by Zhang, et al. [53] compared the cost-effectiveness of charging and
swapping methods for taxis and buses. Their findings indicate that battery swapping
is more beneficial for vehicle owners and station operators than conventional charging
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while providing the same level of service [54]. Additionally, various factors affecting
the economic feasibility of these systems are being explored, including electricity cost
policies, pricing models for battery leasing, and the optimal design of fast-charging sta-
tions integrated with energy storage systems [55,56]. Several researchers, including Tan,
et al. [57] and Liu, et al. [58], have proposed optimized charging strategies for battery
swapping to further enhance cost efficiency and economic viability. These strategies utilize
the flexibility of battery swapping stations to reduce charging costs while improving overall
operational performance.

Existing research primarily focuses on energy supply for passenger vehicles. However,
for EHDTs, several challenges impact the feasibility and cost-effectiveness of charging
infrastructure, including large onboard battery capacity, long recharge times, and high
power demands that strain the electrical grid [16]. Both theoretical studies and real-world
implementations are being explored to support the electrification of heavy trucks. In Europe
and the United States, demonstration projects for charging EHDTs are ongoing, along-
side the development of the Megawatt Charging Standard (MCS) to support high-power
charging for EHDTs [59]. A study by Borlaug, et al. [60] examined the impact of heavy
truck electrification on the U.S. power grid. Using real-world load data, they assessed the
grid’s ability to handle the increased power demands from heavy truck charging. The
commonly used approach to evaluating the economic viability of different vehicle types is
the Total Cost of Ownership (TCO) metric. A study by Burnham, et al. [61] analyzed TCO
across light-, medium-, and heavy-duty vehicles, breaking down the individual cost com-
ponents. Several researchers have proposed the concept of an electrified highway, where
EHDTs are powered through conductive power transfer and in-motion wireless power
transfer [47,49,62–64]. TCO analysis indicated that this approach is more cost-effective than
both internal combustion engine (ICE) trucks and long-range battery-EHDTs that rely on
plug-in charging, particularly in high-traffic-volume scenarios. However, the standard TCO
model does not account for freight revenue, traffic efficiency, or differences in load capacity
across energy supply schemes. To address this gap, Nykvist and Olsson [62] proposed a
high-power, fast-charging strategy for EHDTs using smaller batteries. This approach differs
from traditional destination-based charging by introducing a new economic evaluation
metric, the ton-kilometer cost index, rather than conventional metrics such as TCO or cost
per kilometer. Their findings suggest that long-distance EHDTs powered by current battery
technology are approaching economic feasibility.

Unlike standard TCO analyses, which primarily focus on ownership and operating
costs per vehicle, this study explicitly incorporates operational downtime, charger availabil-
ity, and amortized infrastructure utilization under specific scheduling constraints, which
are particularly relevant in high-intensity harbor operations.

Additionally, Nykvist and Olsson [62] explored an alternative electrification strategy
for freight trains. Instead of overhead contact lines, they proposed a battery-powered
system for electrifying freight trains. Their analysis concluded that battery-powered freight
trains could achieve cost equality with diesel trains at projected near-future battery prices.

Thus, each charging method has its own strengths and challenges. Slow charging
is affordable and straightforward, but fast charging is time-efficient, though not always
accessible. Battery swapping can be considered a competitive solution that provides unique
transport efficiency and serves time-sensitive operations. On the other hand, electric
road charging enables continuous journey operation, providing uninterrupted charging
during travel. However, choosing any of them depends on various factors, such as cost,
infrastructure availability, specific use cases, and the tendency to combine multiple solutions
to meet different EHDT charging needs.
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3. Research Method, Use Case, and Scenario Description
To complement the general findings from the literature review, this paper also evalu-

ates slow charging, fast charging, and battery swapping in a specific case: a medium-sized
harbor undergoing electrification and rapid expansion of in-harbor transportation. The
harbor transport case involves unloading containers from vessels, transporting them by
EHDTs to a warehouse, and then picking them up by external long-distance trucks for
transport to inland destinations. The EHDTs then return to the next container to transport
or proceed to recharge or swap batteries.

3.1. Scenarios and Operational Schedule

The operational schedule of the EHDTs transporting containers between a harbor and
a warehouse is outlined in Table 2, which presents three scenarios. Scenarios 1 and 2 are
based on real operational data extracted from Nåbo and Abrahamsson [63]. Scenario 3 is a
modified scenario that represents continuous 24 h operation, introduced to add variation
and provide deeper insights into EHDT operations. This scenario can further help deter-
mine whether different charging methods can effectively meet the operational demands of
the EHDT fleet. Additionally, the model can be used to estimate the expansion needed for
the EHDT fleet as port activity increases in the future.

Table 2. Operational details for Scenarios 1, 2, and 3.

Parameter Scenario 1 Scenario 2 Scenario 3

The total number of trucks 1 5 5

The total number of transports (round trips) from the harbor to the
warehouse per day (one round is about 8 km) 8 40 50

Expected number of transports during the morning shift (06:00–10:00) 4 10 10

Expected number of transports during the lunch shift (10:30–14:00) 4 10 10

Expected number of transports during the afternoon shift (14:00–18:00) 0 10 10

Expected number of transports during the evening shift (18:30–22:00) 0 10 10

Expected number of transports during the night shift (22:00–06:00) 0 0 10

Days driven per year 300 300 300

Table 2 summarizes the existing truck operation schedule for scenarios 1 to 3 at
the harbor, specifically examining the workload and distance covered during morning,
afternoon, evening, and night shifts.

Trucks operate between a harbor and a warehouse, covering an 8 km round trip. In
scenario 1, the demand is 8 rounds per day, performed with a single truck. Including the
time spent driving, loading and unloading goods, and taking short breaks, each round
takes approximately 1 h, and the truck covers a total distance of 64 km each day. As per the
first scenario, all these trips can be made in the morning shift, which runs from 06:00 to
14:00, with a lunch break from 10:00 to 10:30. In scenario 2, 4 more trucks are added to the
fleet, and the total demand split among these 5 trucks will be 40 trips per day. Similarly, in
scenario 3, the number of trucks will remain the same, but the number of trips will increase
from 40 to 50 per 24 h.

Figure 1 summarizes the fixed transport route, utilization levels, and charging strate-
gies analyzed under consistent boundary conditions.
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Figure 1. Conceptual illustration of the harbor transport flow, operational scenarios, and charging
configurations evaluated in this study.

3.2. Technical Assumptions

We assume an EHDT (XCMG E700) can be swapped with a 282-kWh battery. With a
15–20% battery charge as a reserve, the truck can travel between 140 and 160 km, consuming
between 1.4 and 1.7 kWh of energy per kilometer [64]. However, we have considered the
minimum values for the calculations, as represented in Table 3.

Table 3. Performance characteristics of the EHDT (XCMG E700).

Battery capacity (kWh) 282

Vehicle range (km) 15 to 20% battery residual charge 140

Vehicle efficiency (kWh/km) 1.4

The vehicle range mentioned in Table 3 is derived using conservative assumptions to
ensure feasibility across all scenarios. A usable state-of-charge window of approximately
80–85% is assumed, along with a vehicle energy consumption of 1.4 kWh/km, yielding an
effective range of roughly 140 km. Minor deviations may occur depending on the exact
SOC window and driving conditions; however, they do not affect the comparative results,
as the same assumptions are consistently applied across all scenarios.

Table 3 outlines the key input parameters for calculating the daily energy consumption
of the XCMG E700 EHDT, based on the number of rounds and the distance traveled each
day. Today, the electricity supply to the harbor area is weak, which prevents the installation
of more than 150 kW of cable chargers. The slow charging typically ranges from 3 kW to
22 kW. We assume that the depleted truck battery (282 kWh with a 15% residual charge) is
charged with a 22 kW slow charger and a 150 kW fast charger. For battery swapping, the
battery at the swapping station is charged at 150 kW. The charging time depends on several
factors, such as the battery state, charging efficiency, and power losses/fluctuations [65].
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However, we have assumed a simple linear charging process. Thus, the charging time of a
282-kWh battery with 22 kW and 150 kW charging power is calculated as

Charging Time (hours) = Battery capacity (kWh)/Charger power (kW) (1)

The linear charging assumption is used to ensure transparency and comparability
across charging strategies; in practice, nonlinear charging behavior would primarily affect
fast charging durations and may further increase downtime under high-power charging
conditions. A 22 kW AC charger can fully charge a 282 kWh battery in about 10.8 h.
However, using a 150 kW DC charger significantly reduces the charging time to 1.6 h. For
battery swapping, the battery can be charged at 150 kW while at the swapping station,
which also takes 1.6 h. When the EHDT needs a fully charged battery, swapping takes
approximately 5 min, ensuring minimal downtime.

3.3. Cost Assumptions

To calculate the annual charging cost, the annual truck and infrastructure cost amortiza-
tion, and compare annual downtime, we have gathered data on electricity costs, swapping
costs (including battery leasing and electricity fees), infrastructure investment, and the
initial cost of the truck with or without a battery, as shown in Table 4. These inputs provide
a comprehensive basis for analyzing the economic implications of each charging method in
their respective scenarios.

Table 4. Input data for cost analysis of slow charging, fast charging, and battery swapping.

Input Data Slow Charging Fast Charging Battery Swapping

Charging power (kW) 22 150 150
Time (h) to fully charge a 282 kWh battery 10.8 1.6 5 min to swap a battery
Electricity cost (€) per kWh 0.37 0.51 0.51
The initial cost (€) for the charging infrastructure 3500 50,000 250,000
The initial cost (€) of the truck 272,800 272,800 136,400 *
Battery leasing fee (€) per month per truck - - 732
Swapping fee (€) per swap - - 26.1

* Buy the truck and lease the battery. Thus, the truck’s cost is half, and half of that is assigned to the battery.

The swapping fee is a service charge independent of electricity costs and covers battery
handling, infrastructure operation, and service provision; electricity costs are calculated
separately based on the energy charged to the battery.

The cost of charging EHDTs per kWh depends on factors such as charging power,
location, country, and governmental policies aimed at decarbonizing transportation systems.
The cost of electricity per kWh in Table 4 is taken from the price list of OKQ8 [66], the
largest fuel company in Sweden, which provides charging facilities.

Similarly, the initial cost of charging infrastructure depends on several factors, includ-
ing installation complexity, labor costs, different types of chargers (AC or DC), location-
specific requirements, and grid upgrades [67]. However, in our case, the initial cost of the
charging infrastructure mentioned above specifically refers to a 22 kW slow charger, includ-
ing the charging pile and installation [68]. This cost estimate accounts for the necessary
equipment and setup required for the 22 kW charging system. The 150 kW DC fast chargers
are more expensive than slow chargers due to their advanced technology and higher power
output [69]. On the other hand, the cost of establishing a battery-swapping station depends
on several factors, including hardware, software, personnel, land, and utility infrastructure.

Additionally, general overhead costs can vary significantly, ranging from minor opera-
tional expenses to large-scale investments. These variations are influenced by the business
model, geographical location, and any specific requirements unique to the operation [70].

https://doi.org/10.3390/wevj17030112
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According to Cui, et al. [71], the cost of setting up a battery swapping station in China in
2023 was approximately €970,000. This estimate includes a station with a 2000 kW power
line, seven spare batteries, and one battery swapping operation space. In contrast, the cost
of establishing a battery swapping station with minimal requirements is significantly lower
when designed for a smaller-scale operation [70]. Thus, the price mentioned in Table 4 for
establishing a basic swapping station in this context is approximately €250,000, capable of
handling one EHDT battery swap at a time, which includes only one spare 282 kWh battery
available at the swapping station and operates with a power line capacity of no more than
150 kW.

Buying an EHDT with or without a battery depends on several factors, including
manufacturer, truck specifications, battery capacity, and technological advancement. The
price is significantly higher when buying with a battery due to the cost of the battery pack,
which is one of the most expensive components. In our case, we have taken the initial
cost of the truck with a battery from ECG [72], as shown in Table 4. However, buying an
EHDT without a battery can reduce upfront costs, making battery leasing or swapping
a more viable alternative. Thus, in this case, we assume that half of the cost is allocated
to the EHDT and the other half to the battery. The monthly 282 kWh battery leasing fee
per truck and the swapping fee per swap, as presented in Table 4, are calculated based on
the pricing of a 100 kWh battery provided by NIO, Sweden [73,74], and scaled by battery
size. Extrapolating battery leasing and swapping costs from passenger vehicle systems
introduces uncertainty; however, this approach is used here to establish an indicative cost
level in the absence of publicly available heavy-duty pricing data.

3.4. Analytical Approach

We analyze three operational scenarios, as outlined in Table 2, each tested with three
charging methods: slow charging at 22 kW, fast charging at 150 kW, and battery swapping,
with a fully charged spare battery (charged at 150 kW) available at the swapping station. The
analysis follows a structured approach, i.e., identifying truck availability determines when
trucks are available for charging during operational and non-operational hours, assessing
charging frequency analyzes how often a truck requires charging or battery swapping based
on operational activities, evaluating operational feasibility determines which charging
method suits the operational demand, calculating annual charging costs estimates the yearly
expenses associated with each charging method, estimating amortized costs calculates the
annual amortized cost of trucks and infrastructure investments, and comparing downtime
analyzes the impact of each charging method on operational downtime across the different
scenarios. This analysis helps us identify suitable charging methods based on operational
efficiency and economic feasibility.

To ensure analytical transparency, the harbor case study intentionally abstracts from
cargo-specific characteristics, road gradients, traffic congestion, and stochastic disturbances.
The transported goods are assumed to be standardized containerized cargo typical for in-
harbor logistics, where transport distances are short, routes are fixed, and driving conditions
are relatively controlled compared to long-haul or urban delivery contexts. The purpose of
this abstraction is not to predict exact operational costs under all possible conditions, but
to enable a clear comparison of charging strategies under identical boundary conditions,
thereby isolating the effects of charging-related downtime, infrastructure utilization, and
cost structure.
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4. Results and Discussion
4.1. Technical Feasibility
4.1.1. Scenario 1

In scenario 1, the daily demand requires completing 8 transportation rounds with a
single truck. Each round trip covers 8 km between the harbor and the warehouse. The entire
process, including driving, loading, unloading, and short breaks, takes approximately 1 h
per round. All 8 rounds are scheduled during the morning shift, which operates from 06:00
to 14:00. Thus, the truck is available for charging or swapping a battery for only 8 h within
24 h.

With a daily driving distance of 64 km (8 km per round and 8 rounds each day), an
EHDT consumes approximately 89.6 kWh of energy per day, calculated as

Energy consumption (kWh) per day truck (s) = Distance traveled (km)
× Vehicle efficiency (kWh/km)

(2)

Thus, the truck, equipped with a 282-kWh battery and having a 15% residual charge,
can operate for approximately two days before requiring a recharge or a battery swap
within 48 hours. The truck can be recharged overnight when not in operation using a slow
charger (22 kW), which takes about 10.8 h to fully charge the battery. Alternatively, a fast
charger (150 kW) completes charging in about 1.6 h, allowing the truck to be recharged
during non-operational hours. With a battery-swapping system, the truck’s battery can be
swapped even during a short break. Therefore, any of these charging solutions, slow, fast,
or battery swapping, can effectively meet the requirements of a truck traveling 64 km daily.

4.1.2. Scenario 2

In scenario 2, the fleet is expanded by 4 trucks, bringing the total to 5. The daily
demand is distributed among these trucks, resulting in 40 trips per day. However, each
truck still completes 8 round trips, each taking 1 h, as in scenario 1. The trips are now
scheduled across four shifts, i.e., morning, lunch, afternoon, and evening, operating from
06:00 to 22:00. These 16 operational hours allow each truck to have 8 flexible hours, which
can be used for charging or swapping the battery. After completing its assigned schedule,
each truck remains continuously available for an additional 8 h within a 24 h period, which
can also be used for charging or swapping the battery if needed.

In this scenario, each truck continues to travel 64 km per day (8 km per round trip and
8 rounds daily), the same as in scenario 1. As a result, 5 trucks consume approximately a
total of 448 kWh of energy per day, and the total number of recharging or battery swaps
needed per day would be approximately 2 times, calculated as

Total recharging or battery swapping required per day (times) = Total energy
consumption per day/Battery capacity

(3)

Since trucks are not continuously available for charging during operational hours, the
number of chargers required depends not only on total daily energy demand but also on
the adequate charging time available for each truck. Equation (4) estimates the required
number of chargers by dividing the fleet’s total daily energy consumption by the energy
a single charger can deliver within the trucks’ realistic availability window. The term
“available charging time minus charging time per battery” reflects the fact that trucks
must have uninterrupted access to a charger for a sufficient duration to complete a full
charging cycle.

No. of chargers required = Total energy consumption per day/
(Charger power × (Available charging time − Charging time per battery))

(4)
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To ensure smooth operation and meet the charging needs of 5 trucks with 282 kWh
batteries, at least 4 slow chargers (22 kW) are required. On the other hand, a fast charger
(150 kW) can fully charge a 282 kWh battery in approximately 1.6 h, allowing recharging
during non-operational hours. Another option is battery swapping, which enables quick
battery replacement, even during a short break. Thus, using slow, fast, or battery swapping,
each method meets the daily energy demand of 5 trucks, each traveling 64 km per day.

4.1.3. Scenario 3

In Scenario 3, the fleet remains at 5 trucks, but the total number of daily round trips
increases from 40 to 50. The trips are now distributed across five shifts, i.e., morning, lunch,
afternoon, evening, and night, operating continuously over 24 h. Each truck completes
10 round trips, each taking 1 h, for a total of 10 h of operation per truck within 24 h. This
leaves each truck with 14 h of flexible time during operational hours. However, these
14 h may not be continuous, as they are spread across various time slots throughout 24 h.
Thus, there are no uninterrupted hours available for constant charging. Instead, each truck
needs to be charged or have its battery swapped when needed during flexible time slots
throughout the 24 h.

The number of trucks is intentionally kept constant at five in this scenario to isolate
the effect of increased operational intensity and extended scheduling coverage, with the
higher number of trips reflecting increased port activity and tighter dispatching rather than
efficiency gains at the vehicle level.

As the number of rounds increases in this scenario to 10 and each truck travels 80 km
per day, as a result, 5 trucks consume approximately a total of 560 kWh of energy per day,
and the total number of recharging or battery swaps needed per day is approximately
2.3 times, as calculated using Equation (4).

A slow-charging (22 kW) option is not practical for meeting operational energy de-
mand, as it takes approximately 10.8 h to fully charge a single truck. Within 24 operational
hours, trucks do not have uninterrupted 10.8 h charging slots. This limitation makes the
slow charging option unfeasible in this scenario. On the other hand, a fast charger (150 kW)
can fully charge a 282 kWh battery in about 1.6 h, making it a reasonable option for recharg-
ing during flexible operational hours; at the same time, a battery swapping option could be
a good fit, as the entire process to swap the battery of a truck takes merely 5 min. Thus, fast
charging or battery swapping could be the practical solution to fulfill the energy demand
of 5 trucks traveling 80 km per day for 24 operational hours.

4.1.4. Downtime Across Three Scenarios

Figure 2 illustrates the annual downtime associated with each charging solution
across the three scenarios, demonstrating that slow charging is a disadvantage from a
time-efficiency perspective.

The downtime for slow charging increases across scenarios, reaching 30,367 h in
scenario 2 and 37,958 h in scenario 3; additionally, in scenario 3, the ‘gray bar’ also represents
that slow charging is not a practical solution when the number of rounds, number of trucks,
and the operational time duration increase to 24 h, making it the least viable option
for high-demand operations. On the other hand, downtime was significantly reduced
with the fast charging option, with only 240 h in scenario 1 and 5623 h in scenario 3.
Battery swapping emerged as the most efficient method in terms of downtime, minimizing
operational disruptions and requiring only 13 h in scenario 1 and 293 h in scenario 3. This
significant difference indicates that, although battery swapping incurs the highest charging
and infrastructure costs, its ability to eliminate downtime makes it a promising option for
fleets that require maximum vehicle availability.

https://doi.org/10.3390/wevj17030112

https://doi.org/10.3390/wevj17030112


World Electr. Veh. J. 2026, 17, 112 13 of 20

 

Figure 2. Annual downtime comparison of slow charging, fast charging, and battery swapping
across three operational scenarios (The grey bar indicates that the respective charging option is opera-
tionally infeasible under the stated assumptions, due to insufficient uninterrupted charging windows
and/or limited charger accessibility. Downtime values represent aggregated annual downtime across
the fleet).

4.2. Economic Feasibility

To assess the economic feasibility of slow charging, fast charging, and battery swap-
ping, we analyze annual charging costs across three scenarios and evaluate the amortized
annual costs of trucks and infrastructure investments. Figure 3 shows the yearly charging
costs of three charging solutions across three operational scenarios. The charging cost
increases significantly as operational demand rises from scenario 1 to scenario 3.

The option of slow charging remains cost-effective where operationally feasible; how-
ever, it does not meet operational demand in scenario 3, as indicated by the ‘gray bar’ in
Figure 3. Both fast charging and battery swapping offer operational flexibility, meeting
the needs of various scenarios. However, battery swapping is the most expensive solution
compared to fast charging, which is approximately €104,026, followed by fast charging at
€95,200 in scenario 3. Thus, from a yearly charging cost perspective, slow charging is a
better solution for scenarios 1 and 2, whereas fast charging is suitable for scenario 3.

Figure 4 shows the annual amortization cost of trucks and infrastructure and the
leasing fee (battery swapping), where fast charging and battery swapping require higher
capital investment costs as compared to slow charging. In scenario 1, battery swapping has
the highest amortization cost at approximately €86,064, while slow charging has the lowest,
at about €55,260. As operational demand increases, the amortization costs for fast and slow
charging rise significantly, reaching around €282,800 for fast charging and €278,368 for slow
charging in scenario 3. The cost of additional trucks primarily drives this increase, as four
more trucks are added in scenarios 2 and 3 to meet the operational demand. However,
slow charging is not a practical solution, as it cannot meet the operational demand for
scenario 3, as indicated by the ‘gray bar’ in Figure 4. The increase in amortization cost for
battery swapping is lower in scenarios 2 and 3, as the investment is split; half goes into
trucks, while the other half goes to the battery, which is paid over time through a battery
leasing fee. Surprisingly, fast charging and battery swapping remain constant at €282,800
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and €230,320 in scenarios 2 and 3, respectively, indicating that their fixed infrastructure
costs do not scale with higher operational demand, unlike those of slow charging.

 

Figure 3. Annual charging cost for slow charging, fast charging, and battery swapping across three
operational scenarios (the gray bar indicates that the respective charging option is operationally
infeasible under the stated assumptions, due to insufficient uninterrupted charging windows and/or
limited charger accessibility).

 

Figure 4. Annual cost amortization for trucks and infrastructure for slow charging, fast charging, and
battery swapping across three operational scenarios (the gray bar indicates that the respective charg-
ing option is operationally infeasible under the stated assumptions due to insufficient uninterrupted
charging windows and/or limited charger accessibility).
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To incorporate a five-year payback period and compare the cost-effectiveness of slow
charging, fast charging, and battery swapping, both annual charging costs and annual
amortization costs (including truck, infrastructure, and leasing fees for battery swapping)
are analyzed over the five years. The total cost over five years provides a comprehensive
economic evaluation of each charging solution across varying operational demands. As
operational intensity increases from scenario 1 to scenario 3, the cost differences between
these charging solutions become more pronounced. Table 5 represents the total cost over a
5-year payback period for slow charging, fast charging, and battery swapping across three
different operational scenarios.

Table 5. Total cost over a 5-year payback period and cost per kilometer for slow charging, fast
charging, and battery swapping across three operational scenarios (Note: Cost per kilometer is
calculated based on the total distance driven by the fleet over a five-year period. Values shaded
in grey indicate operationally infeasible charging options, meaning that although a cost can be
calculated, the respective charging strategy cannot satisfy the assumed operational requirements
under the defined scenario constraints).

Scenarios Charging Method
Annual

Charging
Cost (€)

Annual
Amortization

Cost (€)

Total Cost (€)
over 5 Years

Five-Year
Distance (km)

Five-Year Cost
per km (€/km)

Scenario 1
Slow Charging 11,051 55,260 331,555 96,000 3.45
Fast Charging 15,232 64,560 398,960 96,000 4.16

Battery Swapping 17,624 86,064 518,440 96,000 5.40

Scenario 2
Slow Charging 55,253 275,541 1,653,970 480,000 3.45
Fast Charging 76,160 282,800 1,794,800 480,000 3.74

Battery Swapping 83,221 230,320 1,567,705 480,000 3.27

Scenario 3
Slow Charging 69,067 278,368 1,737,175 600,000 2.90
Fast Charging 95,200 282,800 1,890,000 600,000 3.15

Battery Swapping 104,026 230,320 1,671,730 600,000 2.79

In Scenario 1, where demand is low and the operating duration is only 8 h per day
with a single truck, slow charging appears to be the most cost-effective option, with a
total five-year cost of €331,555. This is due to its low infrastructure and truck investment
requirements. Fast charging, at €398,960, is slightly more expensive but remains a viable
alternative. Battery swapping, at €518,440, is the most expensive option in this scenario,
making it less favorable for low-demand operations. However, as demand increases in
scenario 2, where five trucks operate for 16 h per day, the total cost of slow charging and
fast charging rises significantly to €1,653,970 and €1,794,800, respectively, driven by the
need for additional trucks to achieve the operational demand, but battery swapping, with a
five-year cost of €1,567,705, becomes the most cost-effective solution. This is because battery
swapping infrastructure costs remain relatively stable and do not increase proportionally
with the number of trucks, as the battery leasing model distributes costs between vehicle
investment and battery inventory.

In Scenario 3, where operational demand is at its highest with a 24 h operation cycle,
battery swapping maintains a comparatively lower cost of €1,671,730 over five years. In
contrast, slow charging reaches €1,737,175, making it impractical despite being cheaper
than fast charging, as it cannot meet the energy demand of continuous operations. The ‘gray
row’ in Table 5 highlights that slow charging is no longer viable in scenario 3. Fast charging
becomes the most expensive solution at €1,890,000, primarily due to high infrastructure
investments that scale with operational demand.

Over five years, battery swapping emerges as the most cost-effective option for large-
scale fleet operations, particularly in medium- and high-demand scenarios. While slow
charging is economical for low-demand scenarios, its scalability limitations and excessive
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downtime make it inefficient for higher operational demand. Fast charging serves as a
balanced alternative, but its rising infrastructure costs over time make it less viable than
battery swapping in high-utilization fleets.

It should be noted that, even though the assumptions stated in Section 3 are based on
relevant and available data, they still involve uncertainties. It should also be noted that the
residual value of trucks and infrastructure after 5 years differs across charging methods.
Taking this into account, a more robust conclusion for this specific harbor use case is that
slow charging is the preferred alternative for low-demand scenarios. In contrast, both fast
charging and battery swapping are feasible for medium- and high-demand scenarios and
are comparable in terms of cost.

From the charging infrastructure perspective, fast charging concentrates power de-
mand over short time intervals, potentially creating high peak loads that challenge local
grid capacity in harbor environments. Battery swapping shifts this demand to the swapping
station, where charging can be managed more flexibly over time, although it still requires
sufficient connection capacity. In both cases, increased electrification of port transport may
necessitate grid reinforcement or the integration of buffering solutions such as stationary
energy storage to mitigate peak demand and ensure reliable operation.

5. Conclusions
This work provides an overview of various charging solutions for EHDTs, along

with a summary of their general pros and cons from technical, economic, and operational
perspectives. In real-life applications, the feasibility of different charging solutions depends
heavily on the specific operational demands. Therefore, this work also complements the
general findings with a comparative analysis of various charging solutions for a specific
harbor use case.

The findings of this specific use-case study highlight the balance between cost, opera-
tional efficiency, and downtime when selecting a charging solution for EHDTs. Initially,
slow charging seems to be the cost-effective option. However, it becomes impractical as
operational demand increases, particularly in scenario 3, where the duration of operation
requires continuous 24 h operation. The downtime associated with slow charging in-
creases significantly, making it unsuitable for fleets that require high EHDT utilization. Fast
charging, despite its higher infrastructure costs, offers a flexible alternative with reduced
downtime, enabling more flexible scheduling. However, its growing energy demand places
additional strain on the power grid.

In contrast, battery swapping appears to be the practical solution for high-demand
fleet operations, with significantly less downtime and providing maximum fleet avail-
ability. Although it requires higher initial infrastructure and operational costs, battery
swapping supports continuous fleet operations, making it a strategic long-term investment
for logistics companies prioritizing efficiency and operational availability. Additionally, as
battery leasing evolves, the economic burden of battery ownership can be reduced, further
improving its economic feasibility.

The economic feasibility analysis further highlights that slow charging is the cost-
effective option in low-demand scenarios, as seen in scenario 1, where a single truck
operates for merely 8 h per day, resulting in the lowest five-year cost of €331,555. However,
as operational demand increases, the cost of slow charging also rises, requiring additional
trucks to meet it, reaching €1,737,175 in Scenario 3. Along with the higher investment cost
in scenario 3, slow charging becomes an impractical solution for high-utilization fleets, as it
cannot sustain continuous 24 h operations. Fast charging, although more expensive than slow
charging, remains a viable alternative with reduced downtime. However, its infrastructure and
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charging costs increase with operational demand, making it less attractive in high-intensity
fleet operations, where the cost reaches €1,890,000 over five years in scenario 3.

On the other hand, battery swapping appears to be the most cost-effective and op-
erationally efficient solution for medium- and high-demand scenarios, particularly for
fleets that require continuous availability and minimal downtime. Although its initial
investment costs are higher, the amortization remains stable across different operational
scenarios, reaching €1,671,730 over five years in scenario 3, making it a viable long-term
investment for large-scale fleet operations. Comparing slow charging, fast charging, and
battery swapping, the cost structure of battery swapping remains relatively constant, as
investment is divided between trucks and battery leasing, avoiding cost increases as the
fleet expands.

Over five years, the cost-effectiveness of each solution depends on operational demand:
slow charging remains the most economical in low-demand operations, while fast charging
and battery swapping become viable options for fleets prioritizing availability and efficiency.
While absolute cost and downtime magnitudes may vary with parameter assumptions,
the relative performance differences across charging strategies are structurally driven by
charging duration, fleet utilization intensity, and infrastructure availability constraints.

Thus, the findings of this study are specific to harbor transport operations with
short driving distances, repetitive duty cycles, and constrained charging infrastructure.
Other contexts, such as long-haul trucking or urban delivery, involve different operational
patterns, access to high-power charging standards, depot dwell times, and electricity
pricing structures, which may lead to different conclusions regarding the suitability of
charging solutions.

Several aspects not quantified in this study may influence long-term economics, in-
cluding electricity price volatility, battery degradation, residual asset value, and queuing
effects at charging or swapping facilities. These factors are highly context-specific and
warrant dedicated modeling efforts beyond the scope of this comparative case study.

Ultimately, selecting a suitable charging solution depends on factors such as fleet size,
operational needs, and economic considerations, while balancing financial investment, fleet
performance, and growth potential.
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