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ARTICLE INFO ABSTRACT

Handling editor: X Ou This paper presents a comprehensive and detailed investigation of electric bus transit systems, focusing on their
feasibility in harsh environmental areas. The aspects that combine economics, operation, long-term performance,
and reliability are all addressed and discussed in both short and long-term horizons. This work covers most of the
“important to consider” criteria, compares the strategies applied in E-bus energy management, and recommends
the best practices to follow in the presence of many system variables. Due to the significant impact of the ambient
temperature, characterizing the battery performance under hot ambient temperatures is performed considering
the existing Li-ion battery technologies. Moreover, the grid impact of large-scale charging systems is identified
and classified by identifying the factors affecting the grid hosting capacity and permissible interaction levels.
This work includes developing a comprehensive picture of the state of the art, emphasizing the gaps found in the
literature, and proposing new venues for future research that help address the identified issues to enable reliable
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1. Introduction

Globally, many projects are replacing fuel-based transportation
systems with electric-based systems. Their environmental needs and
technology readiness increase their potential. Transitioning public bus
fleets into electric is a great step toward a clean energy transportation
system. Electric buses (E-buses) have the potential to minimize carbon
emissions and enhance air quality, leading to a better eco-friendly
future. However, it has been discovered that optimal placement and
capacity sizing of charging systems in large-scale electrified public
transportation is still in the early stages [1]. This, in turn, requires more
attention for future research to develop advanced grid planning and
operation systems. Transportation electrification has become a
requirement in some countries and will be in the rest of the globe as
some environmental mandates should be met.

It is important to mention the hazard associated with fuel-based
mobility where carbon dioxide (CO2) emission from fuel transit buses
is about 10 kg for a 100 km trip [1]. This is a major source of pollution
and global warming dilemma. Fig. 1 compares the most recent sources of
CO4 emissions where the conventional transportation system is the
second major contributor to the overall emissions.

* Corresponding author.
E-mail address: salman.harasis@qu.edu.qa (S. Harasis).

https://doi.org/10.1016/j.energy.2024.131564

Medium- and heavy-duty vehicles are categorized according to their
weight, with medium-duty vehicles typically falling within the weight
range of 5-12 tons [2]. Examples of medium-duty vehicles include
trucks and shuttle buses. In contrast, heavy-duty vehicles exceed 12 tons
in weight, and city transit buses are classified within the heavy-duty
category [2]. It has been calculated that a heavy-duty E-bus bus con-
sumes 40 % less energy compared to a conventional diesel bus.

It is anticipated that the driving cycles for transit vehicles will lead to
more significant battery discharges in comparison to Light-Duty electric
vehicles (EVs), which can

potentially reduce the overall lifespan of the batteries. Furthermore,
the faster charging rates for these batteries also have an impact on their
cycle life. Recharging E-buses demands significant power compared to
the current fast charging of small EVs. Fig. 2 depicts the yielded con-
sumption profiles of both types [2].

The 2023 global EV outlook of the International Energy Agency (IEA)
exposed that around 27 countries committed to selling only zero-
emission vehicle buses and trucks by 2040.

US and EU have both proposed stricter emission regulations for
heavy-duty vehicles [3]. Moreover, the study showed that more than
sixty thousand E-buses were sold worldwide in 2022, reaching about 5
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Fig. 2. Energy consumption for E-bus compared to fuel bus [2].

% of bus sales [3,4]. The size of the E-bus market size in USD with future
projections until 2030 is depicted in Fig. 3 [5]. The E-bus market dis-
tribution in recent years is shown in Fig. 4 with the Chinese biggest
market share [6].

Despite the widespread use of this technology, an electrified trans-
portation system poses several challenges, particularly when integrating
E-buses as heavy-duty vehicles into the existing power grid. Conse-
quently, power networks would not be able to support the globally
accelerated electrification processes without appropriate planning,
regulatory reforms, and dedicating massive investments to upgrade the
power networks. Additionally, with the widespread of E-bus transit
systems, fast charging technology is likely to be the dominant EV
charging method. In this regard, this work primarily aims to emphasize
the use of this technology as a viable solution for next-generation elec-
tric transit systems (ETS), enhancing the transformation by enabling fast
charging technologies.

The incremental power demand and the significant grid capacity
upgrade are both among the major challenges encountered in electrifi-
cation. On top of that, the economic and environmental needs to inte-
grate renewables would increase the complexity and constraints on the
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Fig. 3. E-bus market size 2021-2030 ($ Billion) [5].
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Fig. 4. E-bus registrations and sales by region, 2016-2022 [6].

required transformation [7-10]. By employing appropriate solutions,
such as grid upgrades, smart charging, and demand response, seamless
integration of E-buses can be successfully realized. Therefore, optimal
planning, deploying, and operating of public E-bus fleets is of interest
and must be carefully investigated.

Among the technical aspects that justify the urge implementation of
fast charging E-bus systems include; (i) fast charging, unlike slow in-
depot charging, allows for charging at any time during the day. (ii)
When connected to a renewable source like a photovoltaic (PV) system,
the daytime energy generation minimizes the fast-charging high-grid
imported power, thereby maintaining power system adequacy. In
essence, fast charging takes advantage of efficient PV self-consumption,
which primarily happens during the day hours. (iii) Fast charging
schedules are less constrained and offer more flexibility compared to
slow charging. (iv) Furthermore, transit E-bus, compared to light-duty
EVs, enforces the need for extra fast charging rates to meet the larger
battery size and driving cycle. Thus, this research focuses on facilitating
fast charging technology to distribute and reduce the impact of aggre-
gated charging loads on the utility grid.

2. Problem statement, contributions, and article structure

Over the past decade, there have been many pieces of research
concerning transportation electrification including the impact of EVs on
utility grids. These studies have primarily focused on aspects such as trip
ranges, battery size, grid compatibility, and line congestion, where the
studies were primarily on light-duty EVs. Furthermore, the majority of
the existing literature assumes that EVs operate optimally under normal
driving conditions. However, when operating E-buses under abnormal
temperatures, (i.e., less than 8 °C and greater than 35 °C), their per-
formance experiences significant degradation. This degradation is pri-
marily caused by additional energy requirements for thermal
management purposes, besides, temperature-caused capacity loss.
Consequently, the battery capacity reduces under such ambient
temperatures.

The following contributions provide valuable insights into the
complex issues affecting the transportation electrification pathway in
adverse weather conditions.

o Investigating E-bus grid integration: This paper offers an exten-
sive examination of the integration of E-bus into the grid, with a
specific focus on how they perform in harsh weather conditions and
their impact on power grids.

e Characterizing the impact on distribution network hosting ca-
pacity: The investigations include potential challenges to grid sta-
bility, shifts in demand patterns, and implications for the electrical
infrastructure. A study of existing literature concerning the broader
effects of ETS on the power grid is conducted. Moreover, definitions
and standards related to EV charging, power networks, and power
quality are also discussed.
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e Investigating the weather-related consequences on E-bus. The

consequences are categorized into:

- Battery Performance: The study explores how harsh environments
affect the functionality of batteries. This includes an in-depth re-
view of Li-ion batteries, covering their operational principles,
electro-chemical properties, battery health considerations, and
performance characteristics in different ambient temperatures.
Moreover, real and lab test pieces of evidence are reported and
analyzed.

- Trip range: The effects of unusual weather conditions on the overall
travel distance and efficiency are evaluated. This work particularly
examines how high temperatures affect various vehicle-level fac-
tors, including the reduction in travel distance, the energy needed
for cooling, and charging duration.

Investigating battery thermal management systems for harsh

environments: detailed examinations of useful mechanisms used to

alleviate the difficulties associated with batteries in harsh environ-
ments are performed.

Fig. 5 shows the structure of the article according to the addressed
topics.

3. The challenges facing the electrification plan and charging
infrastructure

Public transit buses are a class of heavy-duty vehicles that require
significant power consumption rates to electrify [11]. Therefore, the
major challenges encountered E-mobility transition include; (i)
increased unpredictable electricity demand. The increased electricity
demand is hazardous and requires upgrades to the utility grid infra-
structure to handle the extra-large loadings added to the grid [12].
Adding the charging load of E-buses to the existing utility grid results in
grid congestion, risking grid reliability. (ii) Establishment of new
charging infrastructure. (iii) Grid stability and power quality; the inte-
gration of large-scale charging stations into the grid leads to fluctuations
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in power supply, impacting grid voltage and frequency profiles [13,14].
(iv) In big cities, where the E-bus is economically feasible, the increased
power demand and the difficulty of incorporating renewables, amplifies
the encountered challenges. (v) The lack of infrastructure and the
required makeover in many urban cities. (vi) The battery size of a typical
E-bus ranges from about 5 to 10 times the sedan EV battery size [15].
(vii) IEEE-1547 and IEC-61000-3-2:2018 standards have established
strict limitations on the allowable harmonic content and DC offset cur-
rents into the grid, and EV chargers must adhere to these standards in
their design and operation [16].

Due to the aforementioned reasons, it is very crucial to coordinate
and optimize all the parameters involved in the transformation plan.
Therefore, alleviating the challenges and maximizing the benefits can be
reasonably achieved.

4. Optimal planning strategies of E-bus public fleets

Many frameworks and strategies have been proposed for optimally
deploying charging infrastructure while accounting for grid stability,
achieving economic benefits, and reducing carbon emissions. In Ref. [9],
the study examined the most suitable charging system to minimize both
grid impact and overall cost. It was revealed that truncated fast charging
followed by cooldown intervals is feasible and helps mitigate battery
heat generation caused by high charging rates. In Ref. [10], a mathe-
matical model was presented to improve the reliability of a power grid
with huge E-bus charging loads. The focus was to minimize voltage drop
by placing the charging infrastructure with a PV source installed.

In [17,18], the authors reviewed different approaches proposed for
optimal EV charging planning and their impact on power grids. In Refs.
[19,20,21,and21]] the work focused on the thermal management sys-
tem as an integrated parameter in the optimal charging of Li-ion bat-
teries. Different schemes were studied to obtain their effect on the
optimal driving range of EVs. The authors in Ref. [22] developed a
dual-level optimization framework to manage an EV fleet in a power
system with multiple types of energy sources. The paper focused on
scheduling the EV fleet according to variable energy costs. Therefore,
the optimization was tuned according to the selected route, time, and
energy cost.

In [23], the researchers considered the IEEE 39-bus system with high
EV charging demand distributed all over the network. The work was
directed toward the feasible operation of the E-bus fleet in the open
wholesale electricity market where the V2G cost-minimization approach
was investigated. The researchers implemented the distributional robust
optimization method (DRO) to account for the high variability and un-
certainty level of the input variables in the framework. In Ref. [24], a
comprehensive analysis of the optimal deployment of fast-charging
infrastructure was made. The work discussed the urban and rural
deployment considering renewable integration to minimize the grid
impact. Moreover, the work discussed the business model and the
payback period of different infrastructure models when additional
storage and PV systems are attached. Globally, Shenzhen city in China is
the first complete E-bus city.

The authors in Ref. [25] considered this city to design an optimal
approach to meet the charging demand and the grid capability. A
planning strategy was made to deploy the charging stations in a way to
serve the buses and distribute the loadings among the grid nodes. The
study made in Ref. [26] showed that the feasibility study of electrifying
public bus fleets should consider the power of the charging, consumed
energy, and lifespan prices. Simulations were established to assess
E-buses under different operating conditions, considering bus configu-
ration, charging methods, and operating routes. In Ref. [27], a sched-
uling optimization was proposed to minimize the number of E-buses in a
heterogeneous fleet by determining the optimum number of bus types
and sizes.

An optimal selection of charging technology for urban transport was
made in Ref. [28]. The work revealed that overnight charging provides
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acceptable performance with no significant impact on the grid. The
shorter charging time that can be achieved using fast charging would
impact the service quality. In Ref. [29], a configuration was proposed to
determine the number of E-buses and battery capacities to meet the
E-bus predefined schedule with opportunity and depot chargers. The
design included charger and battery capacities. The results showed that
large fleets should be heterogeneous, where different battery sizes lead
to better short and long-term benefits. Compared to the work performed
in Ref. [29], an additional variable was incorporated in optimizing the
charging infrastructure considered in Ref. [30] where the impact of
different Li-ion battery technologies on designing the E-bus fleet was
conducted. The results revealed that coordination between Li-ion bat-
tery chemistry, charging technology, and battery capacity leads to a
more optimized system. In particular, it was shown that according to the
different characteristics of the chemistries, opportunity fast charging
using Lithium Nickel Cobalt Manganese Oxide (NMC) and Lithium
Titanate (LTO) chemistries, and slow in-depot charging with Lithium
Iron Phosphate (LFP) chemistry yield feasible charging schemes. The
findings indicated that achieving optimal system performance depends
on coordination among Li-ion chemistries, charging technology, and
battery capacity.

Depot and opportunity charging schemes of the city E-bus transit
system were investigated in Ref. [31] to determine the optimal strategy.
The study found that the regenerative braking recaptures 15-40 % of the
energy. Moreover, it was found the 18 m E-bus consumes less energy
which is about 33 % more than the 8.9 m E-bus. Table 1 summarizes the
study fundings and Fig. 6 compares the consumption rates of the E-buses
used in public transportation. It can be seen that the energy efficiency of
the 18 m E-bus is better than the other model as it only consumes 33.4 %
energy more than the 8.9 m E-bus with double passenger capacity.

In [32], the authors investigated the impact of charging infrastruc-
ture versatility and interoperability on cost reduction. The in-
vestigations revealed that charging stations can be used by different
E-bus brands to optimize the cost. However, the existence of different
standards and communication protocols impedes interoperability. The
work performed in Ref. [33] considered establishing a power reserve to
minimize the cost and optimize the charging. The charging location was
also variable and can be determined according to the grid status.
Another optimization was proposed in Ref. [34] where a two-stage
problem was formulated to first minimize the trip time of the E-bus
and second to reduce the charging cost. In Ref. [35], the work intro-
duced an approach for addressing the challenging task of locating
charging stations within a transportation network. Optimizing charging
station placement was performed by utilizing self-avoiding random
steps and a probabilistic rule to achieve comprehensive network
coverage with the fewest number of charging stations.

In [36], the research utilized a multi-objective optimization, which
incorporated a "brute force" Monte Carlo simulation. The objective was
to find the most efficient combination of chargers and charging power
that minimizes the total cost of fleet operation while minimizing grid
impact. Similar to the work done in Ref. [24], the study in Ref. [37]
aimed to find the optimal energy and power capacity for battery storage
to support charging scenarios for E-buses. It used a Mixed Integer Linear
Program (MILP) to determine the storage battery power and energy
ratings for a configuration involving depot and en-route charging sta-
tions. It was found that the storage battery was able to reduce the peak

Table 1
The electrical specifications of the most deployed public E-buses.
Parameter 8.9m 12m 18 m
E-Bus E-Bus E-bus
Battery (kWh) 160 160 240
HVAC consumption (kW) 24 24 48
Electric boiler (kW) 25 25 37.5

Energy Consumption of the drivetrain (%) 100 % 101.7 % 133.4 %
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demand and cost by minimizing operational expenses. In Ref. [38], the
problem of EV charging was addressed using an optimal power flow
(OPF) to account for network constraints at various charging locations
on the IEEE 14 bus system. The study employed a nested optimization
approach based on valley filling and peak shaving of the charging
demand.

The battery-swapping technique was proposed in Refs. [39,40,41]].
The authors introduced an optimization model for efficient scheduling
of battery swapping stations in an E-bus transit system. The swapping
aimed to minimize operational costs by charging during low electricity
price periods and providing grid ancillary services. Even though the
technique provides a certain paid grid service, large additional invest-
ment cost was incurred which minimized the feasibility of the proposed
technique.

The study conducted in Ref. [42] optimized charging infrastructure
and battery capacity for E-bus public transit using a MILP. The article
presented in Ref. [43] proposed a method to minimize the total cost of
ownership (TCO) in an E-bus fleet. The target was to optimize battery
size, the amount of chargers, and power ratings based on the prepared
schedule. Battery customization was able to reduce the cost; however, it
adds extra cost to manufacturing. To enhance EV resilience [44], dis-
cussed the optimization of EV battery size to reduce peak load and
supply power during grid outages by imposing a penalty during peak
intervals.

The framework presented in Ref. [45] demonstrated the potential of
EVs in both G2V and V2G modes. It was revealed that the existing power
network can accommodate a certain number of EVs. However, the fleet
size handling capability increases when EVs participate in a V2G market.
This suggests that the integration of V2G ancillary service could effec-
tively enhance the capacity of current power networks to handle larger
numbers of EVs. In Ref. [46], storage batteries were involved in opti-
mizing the operation of E-bus charging stations, similar to the work
presented in Refs. [24,37]. The research incorporated factors like bat-
tery price, capacity charge, and electricity price arbitrage to reduce peak
charging loads and electricity purchase costs.

Fig. 7 depicts a mesh diagram illustrating the major challenges facing
the deployment of E-bus fleet systems and the relations among the
variables associated with the bus electrification plan. The mesh aims to
link the factors influencing the operation of E-transportation systems.
The diagram provides a comprehensive view of the complexities
involved in managing a battery-based E-bus fleet system, highlighting
the need for a balanced approach to address concerns while optimizing
variables and efforts. These variables and efforts are interconnected and
can influence each other. They all contribute to the overall cost, which is
a crucial aspect to consider in the implementation and operation of E-
bus fleet systems.

Table 2 is introduced to summarize the findings related to review
articles on public E-transportation systems. This Table serves to describe
the extent of these reviews and offers insight into the subjects covered.
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Fig. 7. Mesh diagram showing the relation between bus electrification plan
associated variables.

Furthermore, Table 3 is designed to present a comprehensive overview

of global initiatives, along with reports from completed projects and
devised strategic roadmaps in the field.

Table 2

Summary and comparison of state-of-the-art review papers on E-bus Fleet systems.

Energy 300 (2024) 131564
5. The considerations of large-scale E-bus fleet systems

This section aims to assess the potential of E-transit systems and
sheds light on the viability of electrifying public mobility systems. It
investigates numerous technical criteria and aspects, including: (i)
charging technologies and infrastructure, (ii) battery performance under
extreme ambient temperature conditions, and (iii) considerations of
battery capacity, type, and weight. The discussion explores cutting-edge
strategies that have implemented various energy management schemes
for E-bus fleets. It also emphasizes the research gaps by outlining the
specific aspects considered in system development and realization.

Public transportation buses are ideal for electrification due to their
predefined routes and the cost-effectiveness of their operations
compared to diesel buses. Moreover, Public buses are ideal for electri-
fication due to their certain trip, fixed routes, and cost-effective opera-
tion compared to light-duty private vehicles. However, on large-scale
fleets, bus depots require substantial electricity to charge the fleet,
which often occurs overnight, potentially drawing 25-100 kW per bus,
totalling 200-400 kWh per day [61]. A depot serving 100 buses might
need up to 10 MW of service for charging [60,62].

One key parameter in the optimal integration of E-Bus fleet systems
is the charging strategy that directly affects the system’s performance

[Ref] Review Scope EV Type Grid Renewable Comparing Impact of Harsh Remark (Paper Highlight and Topics)
Year Impact Energy Different Charging Environment
Source Technologies
[11] Waiting Time, bus scheduling, E-Bus v x v x The focus is evenly distributed on the
Year:2022  placements of fast chargers criteria considered with literature
comparisons
[16] Charging methodologies and Light v x Fast Charging x Focused on the power converter topologies
Year:2023  topologies, control algorithms, ~ Duty Only
Grid impact of the topologies &
E-Bus
[471 EV charging planning Light v x v x Focused on the integrated planning
Year: considering distribution Duty strategies with the distribution networks,
2022 networks Vehicle positioning the charging stations according
to the technology
[48] Sizing of energy storage, E-Bus v x x x Focused on powertrain and motor drive
Year: energy management and
2021 modeling, and charging
schedules.
[49] Operations of E-bus. Study the ~ E-Bus x x v x Focused on lessons learned from previously
Year: critical aspects (trip range and deployed systems worldwide
2013 charging time)
[50]1 Comparative review of hybrid, = E-Bus x x x x Focused on the comparison includes
Year: fuel cell, and battery-based bus economic, operating, energy, and
2016 environmental aspects
[51] Planning and scheduling of E- E-Bus v x v x Focused on investment in E-bus, charging
Year: bus infrastructure, placement of chargers, and
2022 scheduling
[52] Mapping of the methods, E-Bus v x v x -
Year: trends, and gaps of the field E-
2022 bus
[53] EV powertrain modeling and Light v v x x Focused on EV and Hybrid EV models and
Year: general charging methods Duty operation
2021 Vehicle
[54] E-Bus battery, Power E-Bus x x x x Sizing of battery, types of powertrains and
Year: Management, and Charging motors, and control schemes
2021 Scheduling
[55] EV charging stations with PV Light v v v x The EV market, technical requirements,
Year:2023  Considering techno-economic Duty and infrastructure.
Implications Vehicle Control strategies.
Review of connection standards.
[56] Converters architecture and Light x x v x Detailed analysis and comparison of the
Year:2021 International standards for EV Duty power converters used in different
charging stations Vehicle charging technologies
Proposed Public E-bus fast charging E-Bus v v v v Investigation of energy management

infrastructure in harsh
environments

aspects, grid impact, renewable
integration, Li-ion battery performance
under hot climates.

v: Considered/Included in the paper, x: not considered.
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Table 3
International studies and funded projects on E-bus transportation systems.

[Ref] Project Name Country Deliverables and Scope

Year

[2] “Medium- and USA - Leveraging medium-
2020 Heavy-Duty Vehicle and heavy-duty EV

information to eval-
uate the commerciali-
zation of EVs.
Assessment of current
E-bus electrification

Electrification, An
Assessment of
Technology and
Knowledge Gaps”

architectures.

- Identification of E-bus

technologies.
[3] “Global EV Outlook International - Integration of
Year:2023 2023, (International historical analysis and
Catching up with Energy Agency) projections to 2030,
climate ambitions” covering EV
deployment, charging
infrastructure, battery
demand, emissions
reduction, and policy
advancements.

- Guide policymakers
and stakeholders in
strategies for EV
adoption.

- Examines the financial
performance of EV-
related investments.

[24] “Considerations for USA - Focus on DCFC
Year: Corridor and chargers for
2017 Community DC Fast convenient charging.
Charging Complex - Lesson learned from
System Design” past DCFC and data
collection from many
EV brands.

- Considerations for
designing and
enhancing DCFC
infrastructure.

- Cost estimation of
high-power DCFC.

[571 “FLOW- Flexible EU - Investigation of V2G
Year:2023  energy systems definitions and
Leveraging the terminologies for both
Optimal integration EVs and electric
of EVs deployment vehicle supply
Wave” equipment (EVSE)
[58] “U.S. Virgin Islands USA - Fostering the
Year:2022  transportation expedited
Electrification proliferation of EVs
roadmap” across the Virgin
Islands to enhance EV
dependability,

- Improve air quality,
and enable a more
resilient power grid.

[59]1 “Electric Buses in EU - Investigation of E-bus
Year:2018 Cities, driving barriers, financing,
towards cleaner air and TCO,
and lower CO, " - Review of Li-ion bat-
tery market
[60] “Electrification of Shenzhen, - Analysis of the
Year:2021  Public transport, China Policies and
A Case Study of the Infrastructure of
Shenzhen Bus Shenzhen E-Bus
Group” Group.

- Analysis of the
business model.

- Assessment of the TCO
and the overall
benefits

[61] “Electric Vehicle India - EV growth scenarios
Year:2020  Charging - EV charging
Infrastructure” infrastructure
technologies

Energy 300 (2024) 131564

Table 3 (continued)

[Ref] Project Name Country
Year

Deliverables and Scope

Key considerations for
Public transit buses
Review of existing
efforts in rolling out
public charging
stations

Investigation of

[62] “Decarbonising India
Year:2023  Transport: What India’s transport
Does It Mean for sector emissions
India?” - Investigation of the
potential of EV
technology pathway

and cost. In large-scale systems, the interaction with the utility grid is
critical when the energy transacted from the grid induces frequency
instability and voltage regulation issues at the distribution system level.
Therefore, many approaches were proposed to establish feasible plan-
ning frameworks. A reliability-based deployment for large-scale
charging stations is a considered solution for safe grid and charging
system operation. In this approach, power system reliability indices can
be employed for the optimal allocation of charging stations [63].

The charging technologies are mainly featured by their charging
rates and voltage levels. These technologies are categorized and classi-
fied according to the power levels as presented in Table 4, and according
to voltage levels as presented in Table 5. The classification made in
Table 4 shows the impact of each charging technology on the battery
charging time and lifecycle, whereas Table 5 presents the technology’s
standardized level according to the utility voltage and power ratings.
Slow charging is typically related to a more cost-effective charging
infrastructure and larger batteries.

On the other hand, opportunity charging using a Pantograph has a
higher initial infrastructure cost but smaller battery packs with overall
feasible operation in a fully electric fleet system [65]. A practical chal-
lenge that faces the deployment of fast chargers lies in the need for a
much larger power transformer rating, where it has been determined
that opportunity chargers require very large power transformers [65].

Typical operational requirements for E-buses involve covering an
average distance of 150 km over 15 h, with 6 h dedicated to depot
charging at a rate of 100 kW. Currently, most commercially available DC
fast charging (DCFC) stations typically provide a power capacity in the
range of 300-600 kW. However, the trend of increasing charging power
ratings is significant. This development aligns with the growing demand
for faster charging times and the need to support higher-capacity
batteries.

6. Strategies applied to deploy charging stations
Optimizing E-bus charging systems is important to enable sustain-

able and cost-effective solutions. At the same time, the interaction level

Table 4
State-of-the-art charging technologies of battery E-bus [11,31,32].

Charging Strategy Features Comment

Fast Charging Fast charger with a large Short average battery
(Opportunity/ intermittent and variable charging  lifetime (Around 4-5
Flash) profile, its efficiency depends ona  years)

high C-rate which in turn, induces
a rough grid interface.

Slow Charging (In- Parking charger/slow, flat
depot) charging profile, seamless

interaction with the grid

Vary in size, the charging profileis =~ Expensive capital cost

controllable

Easy and safe charging-contactless

Long average lifetime
(Around 12-14 years)

Swapping Charging

Wireless Charging Expensive capital cost
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Table 5
Charging power levels in compliance with IEC-61851 standard [64].

Technology Supply Current Charging Charging time of
Level Voltage (V) (A) Power (kW) 50 kWh battery
(hr)
Level-1 (AC) 230 — 1¢ 16 37 13.6
230 — 1¢ 32 7.4 6.8
400 — 3¢ 16 11 4.5
400 — 3¢ 32 22 2.3
Level-2 (AC) 400 — 3¢ 63 44 1.1
Level-3 (DC) 400 125 50 1.0
Level-3 (DC- 400 375 150 0.3 (20 min)
Fast)
Level-3 (DC- 800 <437 350 1.1 (9 min)

Ultra Fast)

with the utility grid should be established such that the interaction is
risk-free. In typical EV-charging stations, an agent-based locating
strategy can be effectively used to determine the location of the charging
station that considers the scattered patterns of charging behaviors and
can meet the convenience level of the agents [66]. However, in E-bus
charging stations, the locating process is more restricted to trans-
portation networks and power distribution networks. In this regard,
intersection-based and traffic-based strategies can be adopted [67]. In a
junction-based locating strategy, the charging station can be deployed at
bus stops (route-end) that intersect with other routes [67].

This should maximize the served buses where this type is favorable in
city (urban) fleets. On a traffic-based locating strategy, the aim is to
locate the chargers at the routes with higher traffic. This plan is
considered to maximize the utilization level of the chargers and to serve
the fleets with long trips at divergent locations. This strategy, indeed,
distributes the demand seen by the power distribution network (PDN)
and vividly serves the inter-city fleets [68].

Many studies revealed that charging slowly (at depots) necessitates a
larger onboard battery. On the other hand, fast charging en-route (at
stops and terminals) can reduce the required battery capacity by
approximately two-thirds [66-68]. Furthermore, the energy consump-
tion of the bus was decreased to 90 % due to a reduction in bus weight
[67,69]. However, the strategy of fast opportunist charging for
large-scale fleets can lead to risky interactions with the grid. As a result,
implementing coordinated fast charging strategies (non-opportunist)
and utilizing renewable energy sources seems to be an optimal solution
to the charging problem. This approach not only addresses the issue of
charging speed but also promotes the use of renewable energy, making it
a comprehensive solution.

The comprehensive literature survey conducted in this study en-
compasses state-of-the-art strategies and optimizations, providing a
thorough overview of the field. In addition to surveying the review
papers presented in Table 2, an analytical Table (i.e., Table 6) has been
created to present the merits of the reviews and to display the criteria
considered in the proposed frameworks. This allows for a deeper un-
derstanding of the advancements in the field and helps identify existing
technological gaps.

Table 6 illustrates the strategies adopted in planning and optimizing
E-bus transit systems all over the world. The Table highlights the main
objectives and the mathematical tools employed to conclude the out-
comes. It’s important to note that a significant percentage of the liter-
ature has conducted research under the assumption of normal ambient
temperatures. However, the presence of severe ambient temperatures
can have a substantial effect on optimization processes. This highlights
the need for future studies to consider the influence of a wider range of
ambient temperatures to ensure the robustness and reliability of their
findings.

While the basic principles of electrification apply to both heavy-duty
and light-duty EVs, the differences in scale, energy demands, and
operational profiles necessitate tailored solutions and considerations for
each category. When considering the E-bus transportation systems
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compared to light-duty EVs, several distinctions arise. E-buses require
significantly larger and more powerful batteries to accommodate the
higher energy demands of their larger size and heavier loads. Light-duty
EVs have smaller batteries tailored to meet the energy needs of indi-
vidual consumers. The widespread adoption of E-bus systems and EVs
affects the electrical grid and charging infrastructure. The impact and
requirements may lead to compulsory grid upgrades. To ensure consis-
tent conclusions about the technical aspects of charging technologies
when applied to large-scale systems, Table 7 is constructed. This
Table serves to illustrate and contrast the features of each technology
from a business model perspective.

According to the primary features of each charging technology and
considering the associated advantages and disadvantages discussed
earlier and outlined in previous Tables, Pugh matrix is constructed in
Table 8. This matrix offers a fair methodological way of comparing the
technologies, supported by recent facts and features. It facilitates the
analysis of different options to identify the optimal technology for a
specific application. The results of the Table reveal that even though fast
charging technology scores the minimum regarding grid impact that has
the largest weight (i.e., 15 points), it scores the highest with 82 points
among other technologies. The battery swapping technique scores the
second highest with 78 points which gives it great potential as battery
storage system price decreases.

Results Discussion: The requirement for slow charging necessitates a
larger battery size capable of supporting multiple trips. This, in turn,
results in a battery that is not only large but also heavy. Consequently,
the bus carrying this battery must also be larger and heavier. In
conclusion, considering future transportation, which is likely to be
dominated by EVs, there is a demanding need to advance fast charging
rates and expand the network of charging stations while adhering to grid
quality constraints [85]. This approach aims to reduce charging time
and battery capacity. It is a strategic move that will facilitate the fast
transition to complete E-transportation systems. Key takeaways include
the requirement for fast chargers that prioritize charging speed without
being opportunistic, with the ability to operate during off-peak hours.
Additionally, fast-distributed chargers provide potential solutions that
are not only efficient but also have a minimal impact on the grid, have
lower power ratings, and are reliable.

7. The impact of transportation electrification on grid hosting
capacity

The accelerated transition toward E-mobility systems is a demanding
issue that risks the adequacy of power networks to meet the incremental
demand. In recent surveys conducted by European Commission
agencies, it was shown that the growth rate of battery E-buses increased
by 50 % on average in most of the union countries in the last two years
[86].

Moreover, the trend of this transition is expected to accelerate more
with an additional 20 % growth by 2027 [11,86]. This, in turn, adds
hundreds of TWh demand on power networks. At the same time, the
level of grid flexibility to accommodate the unpredictable power pro-
duction coming from renewable sources and heavy-consuming loads
(like ETS) is another concern to be considered.

Grid-supporting services were proposed in different pieces of litera-
ture. Renewable energy and storage systems were proposed to shave the
peak load caused by fast charging facilities [87-89]. Integrating an en-
ergy storage system was proposed in Ref. [87] to minimize the grid
impact and meet the high charging rates in a large-scale E-bus transit
system. In Ref. [65], it was shown that the load factor (LF) of the fast
chargers is very low compared to the depot charger. From a power
system perspective, this value represents a poor load profile where the
ratio between the average and maximum load is small. However, from
an optimal operation perspective, this means that fast charger utilization
of the transformer is small and can be easily shaped by shifting and
coordinating the charging process of the whole fleet of buses. Table 9
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Table 6
Comparison of fast charging schemes dedicated for battery E-bus fleet systems (from 2015 till 2023).
[Ref] Developed Framework Objective Function Problem Formulation (Region)
Year: Climate/
Temperature
[39] Optimization of MW-scale battery storage Minimizing the running costs of the BSS by Saving cost index (SCI) based (Ontario, CA)
Year:2023 swapping stations exploiting the low electricity prices, and utilizing =~ Pyomo abstract model Min = —11 °C
the BSS in the provision of grid reserve. Max = 27 °C
[42] Optimization of the trade-off between charging Cost-minimizing by reducing the number of Deterministic optimization/MILP (Germany)
2017 stations and battery size chargers and battery sizing Min = -15°C
Max = 30 °C
[70]1 Determination of charging station locations Cost-minimizing including battery aging Deterministic optimization/MILP (German city)
Year:2018 considering battery degradation function with several periods Min = -1 °C
Max = 26 °C
[71]1 Locating charging stations considering energy Cost-minimizing with set-based RO function Deterministic optimization/robust (USA/Utah)
Year:2018 consumption uncertainty using affinely adjustable MILP Min = -3°C
robust counterpart approach Max = 32 °C
[72] Locating charging stations considering high Minimizing the total cost of EV batteries and MILP (USA/Utah)
Year:2019 electricity demand charges electricity cost Min = -3 °C
Max = 32 °C
[73]1 Locating charging stations based on a multi- Minimizing the total cost of ownership Matlab-based iterative approach (Spain)
Year:2019 objective techno-economic optimization Min =7 °C
framework Max = 24 °C
[74] Locating large-scale charging stations based on A spatial-temporal model that finds the locations ~ MI second-order cone programming  (China)
Year:2019 multistage planning considering transportation and capacities of E-bus charging stations, and Min =11 °C
and power networks strategies for multiple stages of infrastructure Max = 32 °C
planning
[75]1 A bi-objective optimization framework for Minimize the total number of EVs and chargers Hybrid Lexicographic and max-flow  (Singapore)
Year:2020 efficient scheduling considering the limited solution methodology Min = 20 °C
driving range with chargers installed at terminal Max = 33 °C
stations
[76] Two incorporated stages of optimization: (1st): Optimal sites for charging infrastructure based Enhanced heuristic descent (Toronto, CA)/
Year:2020 estimation of energy consumption on routes, energy consumption profiles, and gradient and Voronoi diagram Cold
(2nd): optimizing the placement of the chargers running costs framework (graphical Min = -7 °C
representation) Max = 27 °C
[771 A bi-level programming framework: (1st): find the  To optimize the costs of the useres and operators ~ Modified genetic algorithm (Zurich,
Year:2021 charging station location Switzerland)
(2nd): calculate user cost Min = -1 °C
Max = 25 °C
[78] Location planning model including bus operation To minimize the total cost of the construction, Affinity Propagation method and e (Yangjiang,
Year:2021 and distribution networks operation and maintenance, travel, and the Binary Particle Swarm China)
power loss Optimization a Min =12 °C
Max = 32 °C
[79]1 Locating opportunity charging infrastructure, Optimizes the charging stations and E-bus trip variable neighborhood search (Germany)
Year:2022 sensitivity of E-bus fleets under both optimization  schedules metaheuristic approach suited for NA
of charging stations and trip schedules large-scale problem
[80] Locating and scheduling chargers at bus stops and ~ Optimizes the total cost of charging, chargers Deterministic model linearized to (Sydney,
Year:2022 considering variable electricity prices price, battery price, and penalty cost due to be solved using MILP Australia)
waiting time and trip delay. Min =8 °C
Max = 26 °C
[81] Optimization of charger placements and fleet Optimizes the battery capacity, bus fleet size, MI-Nonlinear Programming (Oslo, Norway)
Year:2022 scheduling for E-buses with time-varying and charger locations at stops and terminals to Min = -5 °C
ridership, dwelling time, and travel time with minimize the total costs. Max = 23 °C
opportunity charging
[82] Cooperative optimization of E-bus trips and Minimize the charging cost Integrated adaptive large (Shenzhen,
Year:2023 charging timetabling including sensitivity analysis neighborhood searching and China)
of the impact of charging technology on cost branch and bound (ALNS-BB) Min =11 °C
Max = 32 °C
[83] Optimal placement and sizing that maximize the Maximizing income from swapping, minimizing  Constraint-based iterative solution (Berlin,
Year:2023 returns of a swap station: (1st): E-Bus consumption  charging costs, and regulating service approach Germany)
model formulation. Min = -2 °C
(2nd): battery model for profit maximization. Max = 24 °C

presents a comparison between the positive and negative impacts of
deploying large-scale E-bus charging systems on the utility grid.

When the charging station is connected to distribution transformers
under hot temperatures, their performance becomes critical due to the
excessive heating of the internal windings caused by the injected har-
monics. Under heavy charging loadings, a critical winding temperature
of more than 200°C can be reached [90]. This leads to quick transformer
aging and reduced grid reliability. In this regard, the work presented in
Refs. [90,91] showed that applying controllable-coordinated charging
scenarios can significantly reduce the transformer rating requirements
and reduce the thermal stresses. A mixture of overnight (depot) and
opportunity (fast) charging is also proposed to ensure that buses start

their operations fully charged, allowing for top-ups. For overnight
charging, medium-voltage charging using standard slow charging was
employed, achieving power levels similar to light EVs. However, the
charging process for E-buses takes longer due to their larger battery
capacity, which is approximately 10 times that of light-duty EVs.

Since depot charging occurs overnight, it has reduced grid impact.
This is a conservative assumption as the actual grid impact depends on
the number of E-buses that are charging simultaneously and harmonic
distortion levels. Fast charging is more expensive compared to depot
charging. Nevertheless [92], indicated that deploying a fully electric
fleet can lead to smaller battery sizes, resulting in a lower TCO, which
includes battery replacement and retirement costs. Fig. 8 summarizes
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Table 7
Existing E-bus charging strategies [84].
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Charging Battery Size Capital Overall System Cost Applicability in Large-Scales
Strategy Cost
Slow (Depot) Big For overnight charging, Low Average Battery prices are expensive. Average (i) With large-scale systems, overnight
larger capacities are However, if reduced night tariffs incurs serious problems in bus queuing,
required for batteries. are applied, charging will be number of chargers, and grid impact.
economic. (ii)Large batteries and heavy-weight
issues
Fast Small  Buses can top up at Medium  Average The higher cost of the fast High (i) With large-scale systems, it is
(Opportunity) terminals in a relatively fast charging system is met by a small applicable in terms of charging time,
manner, battery packs are battery size. queuing, and battery size.
small. (ii) Indirectly, distributes the charging
demand.
Fast (wireless/ Small  There is no need for a big High Expensive  (i)Wireless charging is expensive. High (i)Pantograph charging is being

Pantograph) battery (en-route charging). (ii)Dedicated to a single route implemented worldwide.

(limited feasibility). (ii) System cost reduction is
proportional to the increased number of
buses

Table 8

Pugh matrix of large-scale deployment of E-bus transit systems.
Category Maximum Weight Fast Charging Slow charging Battery Swapping Wireless
1. Capital Investment (15) 12¢ 14 7 8
2. Grid Impact (15) 10 15 15 12
3. Charging Time (10) 10 5 9 6
4. Efficiency ®) 7 4 6 5"
5. Restrictions on Station Location 7) 5 3 6 2
6. Ease of deployment 6) 4 4 4 3
7. Compatibility with other EV charging 5) 4 4 0 0f
8. Quality of service (queue, availability) (6) 6 4 6 4
9. Timetabling and Bus Scheduling 6) 6 4 5 4
10. Grid Service Capability 6) 5 4 6 3
11. Charging System Reliability (6) 5 5 6 3
12. Compliance with grid codes/standards (6) 4 6 6 5
13. Requirement of upgrading grid infrastructure “4) 4 2 2 2

Total (100) 82 70 78 57

@ Expensive charging infrastructure with cheaper and small-size batteries.
> Poor Power coupling and transfer.
¢ Dedicated for certain bus charger configurations.

Table 9
The grid impact aspects of large-scale transportation electrification.

Positive Grid Impact
Ancillary services (Bus-to-Grid)

Negative Grid Impact

Violation of Voltage Drop Limit
Violation of Frequency Drop
Power Quality Deterioration
Power Imbalance

Power Reserve

Peak Shaving

Electricity Trade

Power Quality (Harmonic Compensation)

Transmission Line Congestion Relief

Voltage Regulation

Frequency Regulation

Load Factor Enhancement of lightly loaded
lines (Improves the utilization factor-
valley filling)

Increased Power Loss

Transformer and Lines Overloading
Forming Peak Load Demand
Overheating Distribution
transformers (Harmonic currents
interactions)

the essential criteria necessary for optimal charging scheduling. It
highlights the necessity of holistically considering technical, economic,
and environmental factors, particularly when scheduling for
fast-charging where the grid impact is significant. It is crucial to
emphasize that the level and nature of grid interaction are influenced
not only by techno-economic factors but also by environmental con-
siderations. It indirectly facilitates the integration of larger renewable
systems with the grid.

8. Ancillary services and grid codes

The ancillary services are vital for ensuring the stability and

| Grid Side Aspects of Charging Scheduling I]

¥ : !

‘ Technical H ‘ Economic H ‘ Environmental H
Grid Power and Charging at off-Peak Daytime Charging
Voltage Periods (To helps PV Self-
Constraints (Low Electricity Rates) Consumption)

Fig. 8. The aspects associated with optimal charging scheduling.

functionality of the power grid. Ancillary services include services
outside of primary power generation and are subject to specific re-
quirements [93]. Most grid codes necessitate the capability to provide
reactive power and power reserve as major ancillary services [93]. The
requirements aim to guarantee that generating units can provide these
services promptly upon request, particularly during emergencies. Ac-
cording to the latest grid code revisions, EV charging stations are now
obligated to meet specific requirements. These requirements include
power quality, voltage support, demand response capabilities,
anti-islanding measures, and the ability to withstand grid conditions,
including fault ride-through (FRT). Furthermore, advanced network
codes differentiate EVs based on their roles as either demand (V1G) or
generation (V2G) entities. The specific ancillary services offered by
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large-scale charging stations depend on the technology and capabilities
integrated into the charging infrastructure. Moreover, advancements in
smart charging and V2G technologies continue to expand the potential
contributions of charging infrastructure to the overall stability and ef-
ficiency of the power system [93,94].

Large-scale E-bus charging stations can contribute to grid ancillary
services. Charging stations can contribute according to demand response
agreements. By adjusting the charging tariffs according to grid condi-
tions, they can help balance electricity supply and demand, especially
during peak periods. Moreover, they can provide voltage support and
reactive power control to help maintain power quality on the grid. This
is particularly relevant as charging can lead to voltage drop, and the
charging stations can manage the charging to compensate for the
resultant drop. If the charging infrastructure supports V2G technology,
E-bus can feed surplus energy back into the grid during high-demand
periods [95]. This bidirectional flow of electricity can be a valuable
asset for grid balancing. E-bus charging stations can align their charging
schedules with renewable energy generation patterns, helping to absorb
excess renewable energy during peak production times and providing
flexibility to the grid.

Unlike medium or high-voltage grids, the low-voltage parameters are
characterized by less strict criteria, and there is currently no obligation
to provide voltage support [93]. Table 10 compares several grid aspects
of fast charging systems that have been discussed in the literature.

9. The coordination between E-bus transit systems and
distribution grid

As EVs and their charging stations proliferate, power quality be-
comes increasingly vital in electric networks due to their non-linear
voltage and current profiles. Numerous studies investigate the effects
of transportation electrification on the utility grid, especially on the
distribution networks. This includes aspects such as substation over-
loading, harmonics, voltage drops, poor load factor, and unbalanced
loadings [109]. Therefore, comprehending the impact of charging sta-
tions on power quality is of utmost importance [110]. Other studies
focused on the impacts on power grid reliability and stability with the
augmented charging demand that maximizes power network loadings.
Moreover, grid stability is majorly concerned with the on/off switching
of large charging infrastructures and their impacts on system frequency
[111,112].

Ensuring adequate power quality is one of the utility’s important
responsibilities and is typically governed by grid codes (i.e., IEEE 519,
IEC 61000). The power quality issues in the presence of power elec-
tronics chargers depend on charger type, converter topology, and
charger capacity. The hosting capacity (HC) of a given network estab-
lishes the maximum load that can be connected while maintaining
power quality within acceptable limits. Due to the nonlinear charging
power, utility companies are concerned about exceeding the HC of
power networks. This concern arises because a poor power quality
profile degrades the HC of the networks besides overloading the power
transformers and lines [113,114]. Consequently, deploying more
charging infrastructures leads to power quality issues. Fig. 9 shows a
block diagram of implications associated with the large-scale E-trans-
portation on power grid hosting capacity.

On a large scale, charging stations have a significant impact on
power quality where the large impact of harmonic distortion is gener-
ated by the multiple chargers, accumulatively. Harmonic distortion can
pose issues when the cumulative harmonic signals surpass predefined
thresholds, transformers and lines heating losses, and instrumentation
malfunction. Several factors determine the impact of harmonics. These
factors include the penetration level of chargers and converter topology
[115-117]. A significant degradation in grid power quality was
observed when a heavy fast charging occurred due to the presence of 3rd
and 11th order harmonic currents, and a large drop in voltage and fre-
quency [118,119]. The studies conducted in Refs. [120,121] revealed

10
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that the main concern for fast charging stations is the high THD;, rather
than the overloading of power transformers. The research demonstrated
that the number of chargers that can be installed without exceeding the
harmonic limits is restricted by the grid code. Deploying the charging
stations in higher voltage substations would help compliance with the
grid code [122].

When considering a network with both charging stations and
inverter-based DG (I-DG), both can contribute common harmonics to the
grid. However, if I-DG and charging stations are appropriately sized and
located, they can help reduce harmonics by canceling out each other’s
harmonics [123]. Idaho National Lab (INL) researched EV compatibility
with the grid and has published the results of testing the grid impact of
level-2 charging [124]. The results show that low-order harmonics
contaminate the grid at low-charging power, as shown in Fig. 10(a)-(b).
Also, the results show that charging efficiency is enhanced at higher
power rates, as shown in Fig. 10(c).

The studies in Refs. [113,125,126,and126]] revealed that at
extremely low temperatures (i.e., < 0 °C), THDi exceeds the acceptable
limits. This is attributed to the fact that charging at low temperatures is a
low-power process due to the Li-ion electrode plating phenomenon,
resulting in a minimal fundamental current flow. As a result, total de-
mand distortion (TDD) can be used to compare charging profiles at
various temperatures, as per the IEEE Std 519-2022, which states that
the maximum TDD should be 5 % [122]. In Ref. [127], it was observed
that charging a cold battery took at least two times the room tempera-
ture charging. Interestingly, the study showed that the TDD was within
the permissible range throughout all charging processes.

Charging infrastructure must be designed to accommodate the spe-
cific requirements of battery chemistry used for each charging tech-
nology. Compared to nickel-metal hydride (NiMH) and solid-state
batteries, the most commercial battery type used in the EV industry is Li-
ion batteries [128]. Besides the cost of the battery, important criteria
affect the adoption of the charging technology.

These criteria mainly depend on the battery’s chemistry, including
battery lifespan and number of cycles, maximum charging rate that is
affected by the thermal sensitivity of the battery, and cell voltage re-
quirements [128,129]. The literature agrees that Li-ion batteries support
faster charging compared to other battery types. Solid-state batteries
have the potential to offer even faster charging speeds due to their
unique characteristics. However, no broad commercial production exists
so far. Furthermore, Li-ion batteries have a lower voltage range and can
handle high currents, which is suitable for fast charging technology
compared to NiMH, which has a poor thermal coefficient. In Ref. [129],
the authors compared three Li-ion chemistries (namely; LFP, NMC, and
LTO) used in E-bus regarding the impact of fast charging rate, battery
size, and lifespan. The results showed that LTO exhibits the minimum
impact on battery lifespan at higher charging rates with a 1.5 % yearly
degradation. On the other side, the NMC battery loses more than 20 % of
its capacity with fast charging schemes. Furthermore, it was revealed
that all chemistries benefit from the increased capacity where the
degradation rate decreases proportionally. The results inferred a stable
operation of the LFP battery at different charging rates.

10. The battery performance in harsh climates

As of 2022, the prevailing battery chemistry in the market was
lithium nickel manganese cobalt oxide (NMC), constituting a significant
60 % market share [3]. Following closely behind was lithium iron
phosphate (LFP), with a market share just shy of 30 %, and nickel cobalt
aluminum oxide (NCA) with a market share of approximately 8 % [130].
As the volumetric (Wh/L) and gravimetric (Wh/kg) energy densities of
Li-ion are much higher than other technologies, they become more
mature and widespread [131]. Table 11 presents the specifications of
several Lithium-based batteries and their thermal characteristics for
industrial applications.

Similar to cold weather operation conditions of Li-ion batteries, hot
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Table 10
Comparison between state-of-the-art studies on grid impact of large-scale fast-charging infrastructures.
[Ref] Developed Scheme-Problem Grid impact Aspect System Size (kW)
[96] A joint optimization of transit network and power grid using a spatial-temporal model to locate ~ Power loss and voltage drop minimization 110 kV lines
sites and sizes of e-bus charging stations- 30 E-bus
250 km routes
[97] 2020-Warsaw-Poland Power quality (THDv) 1st: Sparta’nsk-200 kW
Pantograph exemplary model of a bus station with charging infrastructure 2nd: Wilanéw-2x400kW
[98] maximizing profit bus of depot operator and grid stability enhancement with PV and energy Peak power limits 50 kW, 100 kW PV
(Depot) storage 500 kWh ESS
[99] Grid code compliance and grid impact details of Fast charging stations considering the power Voltage fluctuation Harmonic resonant Harmonic distortion 50 kW DCFC
quality
[69] investigates the performance of different locations and sizes of chargers estimation of the benefits of PV to reduce impacts on the utility 100 kW-1200 kW
[100] Bi-level Distribution locational marginal price-based optimization algorithm for E-bus grid Managing load congestion as a demand response service 51.5 kW
interaction 112 kWh (charge-G2V)
[101] Optimize the charging schedule to minimize the charging costs and the grid impact Dynamic charging according to variable grid tariff 47 batteries of 240 kWh each (47 chargers
with a charging power of 50 kW)
[92] Impact of fast-charging solution of battery E-bus on distribution networks of two solutions: Power quality/Harmonic distortion in current and voltages Fast-chargers (350 kW) using pantograph and
1. Pantograph, 2. Slow-charging slow-chargers (50 kW)
[65] Technical-based feasibility study of Battery Electric Buses with utility impact measures Distribution transformers lifetime, and grid overloading. voltage regulation 250 kW-fast
200 kW-depot
[102] grid impact evaluation of 3 charging methods: - Power/current Overloading From 300 kW to 600 kW
- Every Station Charging: more intermittent charging power and transformer tapping, - Voltage drops (The overnight charging is grid-protecting and predictable.
- End Station Charging: Less intermittent charging power and transformer tapping However, requires a very large battery (700 kWh)).
- Overnight Charging: continuous charging power and less transformer tapping considering PV
and LV grid.
[103] Replacement of the passive diode rectifier with an active front-end converter in the charging Power quality/harmonic distortion (THDv), Flickering 120 kW
station
[104] Interaction between an bus aggregator and grid operator Power/current Overloading -
[90]1 Study on the determination of the safe level of EV penetration according to transformer loadings ~ Impact of higher order harmonics on distrbution transformers’ temperatures 160 kW
[91] Strategic placement of charging stations considering network capacity and future forecast. Transformer Overloading and load shifting 600 kW
[85] Study of the Impact of EV Harmonic Currents on Transformers in the presence of PV system. The harmonic currents of PV to cancel the injected charging station -
harmonics
[105] Practices used to minimize congestion impact of fast charging grid. Congestion and power quality 600 kW (ultra-fast)
[106] Role of E-bus charging in regulating renewable source production to smooth the impact on power  Smart charging with PV increases the self-consumption of renewable systems  80-kWh buses. (Daily total net bus charging
demand. A V2G E-bus smart charging is compared to opportunity charging by using E-transportation infrastructure as a buffer stage MWh = 188.36)
[107] PSO optimization considers the charging model including optimal power flow, degree of Voltage adjustment of 10 kV On-load-tap-changer (OLTC) -
satisfaction, and the power grid cost.
[108] To study the effect of harmonics injected by EV charging stations with a high level of PV Host capacity degradation as a result of low-order harmonics -

penetration
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Table 11
Measures of Grid Hosting Capacity Thermal specifications of most common Lithium batteries.
| Battery Heat Tolerance Main Safety Generalized
* ¢ * Chemistry Capability Features Under Evaluation®
(Overheating)- Fast
| Loading Level ” | Power Quality | Voltage Profile Zg‘:i‘ta; Charging
A N \
: Transformers |[! 1 Voltage Hamonics |! : Voltage Drop | 1. Lithium Iron Good thermal Lower Most Safe 83 %
: Overloading : : : | : Phosphate stability Energy
[ : (. | (LFP) Density,
|
| Lines ! ! Current Harmonics ! ! Phase Unbalance ] (arger and
! s by -, . 1, S - heavier for
1| Congestion ! | ickeri I cavier
| g 1 Flickering : the same
T T T - -
| 3 | energy
| Energy Efficiency | capacity)
| | ithi i 0
| P | 2. L1.th1um Exceptional 3 Lower Safe 75 %
\ i Titanate thermal stability Energy
ST T - (LTO) Density
Fig. 9. Criteria affect grid hosting capacity. E}O;’g cycle
ife
3. Lithium Moderate Good Used in 79 %
Nickel Cobalt  thermal balance of most of
4.5% .1 .
s Harmonic Current Components Ma-nganese stability, ‘ energy and hybrid EV
3% (%liuna) Oxide (NMC)  degradesinhigh-  power
temperatures
4. Lithium Sensitive to high ~ High Energy Safe 66 %
Cobalt Oxide temperatures, Density
(LCO) which can lead
to capacity loss
5. Lithium Sensitive to high ~ High Energy Safe-used 71 %
3.5 7 9 1 13 15 17 18 2 3 257 Nickle Cobalt  temperatures Density in cell
Harmonic Order (n) ) Oxide (NCA) phones
(a) The current harmonics 6. Lithium Excellent Moderate less prone 66 %
Manganese thermal stability Energy to
20% sars Oxide (LMO) Density thermal
. runaway
15% ? 90%
- 2 o # The evaluation is made by evenly scoring the main features:(Cost, Lifespan,
5 '™ £ o Performance, Thermal Stability, Specific Power, Specific Energy).
" .
o% oo battery model. This non-linearity adds a layer of complexity to the
0 2 4 6 8 8% : : . :
Charging Power (k) o zcr.a,;"g o (k\sm I battery mathematical moqellng an'd the estimation of SOC and state-of-
(b) The current THD () The charging efficiency health (SOH) [134]. SOC is essentially a measure of the current energy

Fig. 10. EV charging and grid compatibility test [124].

ambient temperatures significantly impact Li-ion batteries. Hot tem-
peratures cause unwanted internal reactions that work to deplete and
break down the composite bonds. Hot temperatures also cause the ca-
pacity to fade, reducing lifespan and safety [132]. Therefore, tempera-
ture effects must be considered in Li-ion battery design and operation for
EVs. It’s important to note that while high temperatures can initially
boost the performance of Li-ion batteries by quickly facilitating the re-
actions, the long-term effects are harmful, leading to a reduced lifespan
and potential safety risks. Therefore, it’s crucial to manage the tem-
perature conditions of Li-ion batteries effectively [132].

Roundtrip efficiency of the battery operating under a high temper-
ature for a long time will be significantly reduced. Prolonged exposure to
elevated temperatures accelerates the degradation of the battery, lead-
ing to a permanent loss of capacity over time. This can result in reduced
driving range. This is because the internal temperature is an important
aging accelerator that influences the battery capacity and power char-
acteristics. Moreover, optimal battery capacity is typically achieved
around 21 °C, but it significantly decreases when temperatures exceed
35 °C [132,133]. Consequently, running Li-ion EVs outside the normal
range incurs more charging cycles to maintain similar trip distances.

11. Implications of fast charging in hot climates

Due to changes in the electro-chemical properties of Li-ion batteries
under different temperatures, non-linear response yields to represent the

level in a battery as a percentage of its maximum chargeable energy.
SOH, on the other hand, is a long-term indicator of the battery’s aging
process and represents the ratio between the maximum chargeable en-
ergy and its full capacity. While the battery operating temperature in-
creases, its non-linear behavior becomes more pronounced [135]. This
increased non-linearity at high temperatures complicates battery
modeling and analysis, leading to more complicated management sys-
tems for E-bus systems [136].

Long-term exposure to high temperatures can lead to significant
damage to cells. As depicted in Fig. 11, an increase in temperature re-
sults in a greater degree of capacity fading. High temperatures cause the
electrolyte layer to gradually deteriorate and dissolve into the electro-
lyte. This exposes part of the anode’s active material to the electrolyte
again, triggering side reactions. Consequently, intercalation at the anode
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becomes more challenging, and ionic conductivity decreases [136].
Fig. 12 shows the impact of the fast charging rates (i.e., C-rate>1) on
increasing the internal temperature of the battery where a significant
increase occurs. This increase would impede the fast charging rates at
high ambient temperatures if no efficient thermal extraction mechanism
is employed. Detailed comparisons between the impact of different
charging rates (C-rate) are performed in Ref. [135].

According to many experimental validations, it has been proven that
the optimal operating temperature of an EV Li-ion battery pack is in the
range of 15 OC to 35 °C [138-140]. Hence, the degradation is influenced
by abnormal temperatures. Higher temperatures cause electrolytes to
break down and increase the self-discharge rate of the battery leading to
a shorter lifespan [141,142]. To comprehend the degradation behavior
of batteries under different temperatures, it’s essential to devise
modeling methods that accurately represent the electrochemistry
degradation [143,144]. Ensuring the safe operation of Li-ion batteries is
a significant concern due to the large energy density and inflammable
electrolytes.

It is crucial to implement safety measures to prevent thermal
runaway as Li-ion batteries become unsafe at high temperatures, leading
to uncontrolled electro-chemical reactions and thermal runaway. This
can result in battery destruction, increasing the risk of fire and explosion
[138]. Table 12 summarizes the major attributes associated with un-
typical operating temperatures of Li-ion batteries.

Most of Lithium battery types used in E-transportation have been
surveyed to address the temperature effect on battery performance. The
experimental research performed in Ref. [145] showed that a higher
C-rate generates additional heat due to the increased cathode resistance.
Therefore, fast charging augments the harsh environmental conditions.
In Ref. [146], the authors experimented with the battery lifecycle under
30, 40, and 50°C. It was shown that working with 50°C shrinks the
lifespan by about 3 times. In the experiments, the results showed that
lifecycle decreases dramatically when the ambient temperature goes
above 45°C.

The authors in Ref. [147] performed a practical comparison between
EV Li-ion batteries based on their state of function (SOF), considering
the degraded lifespan caused by high-temperature operating conditions.
The SOF includes a comprehensive evaluation that incorporates various
factors influencing the performance of a battery. These factors include
the weight of the SOC, charging/discharging rates, environmental
temperatures, and other degradation-influencing variables. The essence
of SOF lies in its ability to articulate how well the battery performance
aligns with the actual power demands during its service life [147]. A
direct study on EV consumption and efficiency based on city local
temperature was conducted in Ref. [148]. The study considered all US
states where the temperature varies from —20 °C to 44 °C according to
the state. It was shown the energy consumption of the EV increased
significantly when the ambient temperature exceeded 30 °C.

In [149], a review article focused on the barriers faced by the
adoption of EVs in Arab Gulf countries, including the high-temperature
conditions. In Ref. [150], the authors experimentally investigated the

60, T T T

Temperature (C)

SOC(%)

Fig. 12. The impact of fast charging rates on the internal temperature of the
battery [136].

13

Energy 300 (2024) 131564

Table 12
The impacts of abnormal temperatures on Li-ion batteries.

Attribute Hot Temperature Impacts Cold Temperature
Impacts
Temperature Range T>35°C T<8°C
Root Causes Electrolyte breakdown Increased lithium
Binder decomposition/ plating
breakdown Increased internal
resistance

Chemical Side
Effects
Electric Side Effects

Decreased SOC Decreased SOC
“Decreased equivalent resistance
(short-term).
“Increased equivalent resistance
(long-term).

Reduced conductivity.
Increased equivalent
resistance

Consequences on Quick capacity Fading. Higher Power loss
Battery Complex thermal management
system.

Consequences on EV  Higher cost, less age, more weight, less trip range, low
charging/discharging rates, more charging stations, more
power quality issues
More

Long Term Impact Less

@ note: the internal resistance decreases with the temperature increase; how-

ever, with cycling increase, the resistance increases significantly at higher
temperatures.

impact of summer ambient temperature in Kuwait on the EV trip range.
It has been discovered that more than a 30 % reduction in the estimated
travel range occurs due to high temperatures, and the temperature at the
start of the trip should be as low as possible to reduce EV energy con-
sumption. Matlab simulations performed in Ref. [151] revealed that the
harsh ambient temperatures in some Moroccan cities increase the
required number of charging stations. Moreover, it has been depicted
that a 20 % increase in charging stations is required when the ambient
temperature increases from 29 °C to 45 °C due to the reduction in the
actual battery capacity. In Ref. [152], the authors proposed an adaptive
thermal management system to cool the battery in harsh temperatures
with minimal energy consumption.

The experimental results carried out in Ref. [153] found that fast
charging rates of more than 2.0C worsen the degradation (i.e., degra-
dation >0.015 % per cycle) of the battery, considering the cycle dura-
tion. Further, as the temperature increases, the degradation increases. In
Ref. [154], the authors showed that V2G services can be restricted in
high-temperature areas as the demand increases in proportion to
ambient temperature. This would increase the cost of the service as it
harms the long-term battery performance. Fig. 13 depicts the challenges
that face the deployment of E-mobility in hot regions. The root causes
and the consequences are highlighted to address the issue and enable

Challenges in Operating Li-ion Batteries
in Hot Climates

Root Causes  _ _' _____ —

| Incremental Internal Heat | |

| Internal Resistance Generation |
. Increased Cycle

|| Fast Charging Rate Number |

T -

Consequences '
Capacity Fadin, Voltage Dro |
pacity g g p
I ‘ Battery Aging u ‘ SOC Degradation “ I
— e = = = = —— = == == =

Fig. 13. Challenges imposed by hot climates on the performance of Li-
ion batteries.
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E-mobility in hot climate regions.
12. Thermal management systems of EV battery

The majority of operational difficulties encountered by operating
heavy-duty EVs in high-temperature conditions are associated with the
thermal impacts on the Li-ion batteries. As a result, precise representa-
tions of the batteries’ thermal characteristics are necessary for the
design of efficient battery thermal management systems. Active/passive
air, fluid coolants, and phase-change materials (PCMs) are frequently
used methods for battery cooling in different applications [147,152].
The initial method of heat management considered for high tempera-
tures is air cooling. A battery pack is typically constructed with several
parallel cells. This configuration makes air cooling systems a popular
choice for heat management. Directing an airflow at the pack can
effectively achieve the cooling effect.

In [155], the authors showed that thermal comfort inside an E-bus
around 21°C in harsh conditions may increase heating, ventilation, and
air conditioning (HVAC) energy consumption by 50 %. The comparison
made in Ref. [19] affirmed that excessive capacity fading of Li-ion
batteries occurs when the temperature exceeds 35 °C. The authors
determined that LFP chemistry has the best evaluation among other
chemistries, in addition to being the safest type. The work also discussed
the thermal management systems used to cool battery packs. Another
piece of research was reported in Ref. [20], where a detailed comparison
between the thermal energy management of EV Li-ion batteries was
made. The impact of cold and hot temperatures on capacity loss and
battery size has been discussed and compared, where the review showed
that the effect of hot temperatures (binder decomposition and electro-
lyte breakdown) is more dangerous than cold temperatures due to the
unrecoverable characteristics and thermal explosion possibility. Due to
the wide range of operating temperatures, heat pipe (HP)
technology-based cooling systems were found to be more efficient than
other water and PCM management systems. However, both reviews [19,
20] indicated the necessity for more investigations into heat extraction
mechanisms for high charging rates at abnormal operating tempera-
tures, including hybrid management systems for battery pack levels and
real applications.

Increased temperatures can speed up reactions and boost charging/
discharging power, but they also raise the risk of overheating. If the
generated heat inside the battery is not removed fast enough, it can lead
to a continuous temperature increase. Therefore, causing a thermal
runaway. This is a situation where rising temperatures trigger conditions
that lead to even more heat, which may result in battery destruction.

The thermal management system (TMS) of Li-ion batteries consists of
active components, which include external and internal cooling sources,
and passive systems. One of the key strategies to enhance the operation
and lifespan of Li-ion batteries in E-bus under high temperatures is to
reduce the internal heat generation within the batteries. The liquid
(working fluid) cooling method is more prevalent due to its ease of
implementation and lower technical complexity. However, PCM dem-
onstrates superior performance in terms of the speed which can be uti-
lized to cool down the battery [138].

The impact of high temperatures is more complicated compared to
low temperatures due to the strong relation between heat generation,
internal resistance, charging rate, and cycling [156]. Air cooling pre-
sents challenges due to air’s low conductivity, making this method
suitable for moderate temperatures and charging rates [138]. Both
liquid and air-cooling systems are costly due to the need for a pump and
ventilation system. As a result, PCMs have been introduced as advanced
methods for EVs in low-temperature environments [157,158]. PCMs are
substances that can store and release a significant amount of heat which
provides an efficient heat transfer mechanism [140]. During the trans-
formation of solid-liquid material, heat is either absorbed or released.

As shown in Table 13 where the cooling systems are compared, it’s
evident that each mechanism has its unique strengths and weaknesses,
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which are influenced by several factors. These include the specific
chemistry of the battery, the temperature, and the driving cycle of the
bus [159-162]. Generally, active cooling strategies are deemed more
efficient in dissipating heat generated within the battery [163]. The
efficiency of a specific TMS should be assessed based on an exact EV
location, and its impact on battery long-term performance. Conversely,
alternative strategies focus on developing battery components like the
electrode and electrolyte to withstand broader ranges of temperatures
[164]. According to the literature discussed before, it has been inferred
that PCM provides an optimal thermal manager due to its satisfactory
performance in addition to the major criteria like weight, energy con-
sumption, and size.

In real-world tests, the researchers in Ref. [124] measured the SOC of
different EV brands. The tests were conducted under freezing, typical,
and hot ambient temperatures to capture the impact of the thermal
management system on the battery performance. The results are given in
Table 14 where it can be seen how installing an effective system is
important in maintaining the battery capacity.

For a detailed analysis of the ambient temperature effect on EVs,
Fig. 14 (a) and (b) show how severe ambient temperatures degrade the
performance of the battery and the kilometers driven by an EV. This
degradation occurs in many EV brands with some differences that exist
according to the used TMS.

14. The research essential outcomes

It is not possible to optimally plan for large-scale E-transport net-
works without collaborating and preplanning with utility grid operators.
The optimal solutions require coordinated charging systems whether
including unidirectional or bidirectional power flow (i.e., G2B, B2G).
The following points are highlighted in the study.

1. The paper conducted a detailed literature survey of the most rela-
tively experimental-based articles that discuss the impact of harsh
environmental conditions on battery performance, charging rates,
and ancillary services. It has been shown that much of the existing
literature has assumed that EVs operate under normal temperatures.
However, EVs experience a range of temperatures in countries with
abnormal climates, where transportation electrification is on the rise.

2. Operating E-bus in cold temperatures has been focused on in most of
the literature as EVs are heavily integrated in many European and
Canadian cities that have low temperatures. Therefore, the hot
environment is focused on in this work to facilitate the deployment
of E-bus in hot climate countries.

3. It is important to mention that many pieces of research found a
significant discrepancy between the laboratory and field results of Li-
ion battery characterization under different temperatures. Moreover,

Table 13
Main features of main thermal management strategies for EV batteries.

Cooling System Advantages Disadvantages

Air Cooling System
(Passive, active)

Coolant Cooling
System (Passive,
active)

Refrigerant Cooling
System

PCM-based Cooling
System

Heat Pipe

Thermoelectric
Cooling System

Easy to implement, less
technical complexity

High heat transfer
efficiency, effective in
reducing temperature
influence

Effective cooling power,
good for high temperatures
High heat storage capacity,
good for low temperatures
High cooling power,
efficient heat transfer,
moderate complex design
Direct conversion of
temperature differences to
electric voltage

Low heat transfer efficiency

High energy consumption,
complexity, high heat
transfer efficiency

Environmental impact,
safety concerns

Less mature technology,
expensive

High cost

Low efficiency at small
temperature differences
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Table 14
EV battery SOC measured values after 30 min at different ambient temperatures
[124].

Make/Model SOC at SOC at 25 SOC at 50 Cooling Mechanism
0°c °c °c
2015 E-Golf 60 % 74.2 % 35.6 % Passive- Air (Radiator)
2013 Nissan Leaf 57.5% 82.8 % 78.1 % Passive- Air (Radiator)
2015 Mitsubishi i- 31.8% 43.5 % 32% Active -Air (Air
MiIEV conditioning)
2015 Kia soul 75.4 % 79.3 % 70 % Active-Air (Air
conditioning)
2015 Chevy Spark ~ 74.2 % 88.1 % 40.1 % Active-Cooling liquid
100%
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70%
.
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Fig. 14. The behavior of SOC profiling and the ranges of different EVs at
different temperatures [124].

it has been investigated that even though high temperature decreases
the internal resistance of Li-ion batteries which, in turn, increases its
Ah-capacity, binder decomposition and electrolyte breakdown cause
fast aging. This would converse with the discussion made in
Ref. [113] regarding hot temperature. In conclusion, three points
should be carefully addressed to avoid the conflict:
(i) An increase in temperature correlates with a decrease in battery
internal resistance,
(ii) the internal resistance tends to rise with an increased number of
battery cycles, and
(iii) fast charging increases the internal temperature of the battery.
4. It is shown in this paper that the optimal solution that ensures reli-
able integration of fast-charging infrastructure can be achieved when
the following aspects are holistically considered.
- Proper coordination with grid operator including Bus-to-Grid
service.
- Enable short-term load forecasting, load shifting, and peak
shaving.
- Enabling demand response by establishing an incentive-based
electricity market.
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5. As discussed throughout the paper, there is no simple answer to
optimal size, location, or charging system type. The work highlights
all the factors that affect the reliability and feasibility of large-scale
fast-charging systems.

6. Besides addressing the harmonic effect on the grid hosting capacity,
research should look into the energy efficiency aspects of the har-
monics. This is because the time horizon of the charging profile may
conflict with the consequences of different THD levels. In other
words, a long-term, low THD charging profile is worse than a short-
term, High THD in terms of energy efficiency.

7. After analyzing several tests conducted by Idaho National Lab [124]
on Level-2 (AC) and level-3 (DC) fast charging it has been concluded
that the hot climate areas (40+ °C) have more potential to have
feasible E-transportation systems compared to cold areas (0 °C) in
many aspects. These aspects include the charging time, the
round-trip efficiency, and capacity fading. However, the successful
operation of fast charging E-bus systems in hot temperatures depends
on adaptively coordinating an advanced thermal management sys-
tem (as discussed in Refs. [19,20]) with adaptive charging/di-
scharging rates and customized cooling mechanisms.

8. It has been concluded that fast charging rates increase the internal
temperature of the battery. Therefore, deploying fast-charging
infrastructure in hot ambient temperatures requires careful atten-
tion including shading and ventilation of the charging stations.

13. Li-ion battery cycling under high temperatures

High temperatures can have damaging effects on both the charging
and discharging processes of Li-ion batteries. After a certain threshold,
they can cause capacity degradation, thermal-safety issues, reduced ef-
ficiency, and overall diminished battery performance. Hence, it is
crucial to assess the thermal efficacy of Li-ion batteries following a
sufficient number of tests, as the impacts of many factors appear after a
specific number of cycles and a considerable service duration. Table 15
compares the consequences between the two modes and their effects on
the battery performance.

To further get insights into the effect of temperature on Li-ion bat-
teries, Fig. 15 shows the testing results of an EV battery SOC profile and
the corresponding battery temperature at different operating tempera-
tures. It can be seen how the high temperature affects the charging time
(i.e., 15 min more) and degrades the battery voltage which impedes the
battery from reaching a higher SOC level (i.e., 27 % less).

In [165], the effectiveness of the power conversion of a fast charging
system showed a slight reduction when the charging temperature was
shifted from 25°C to 40°C where the efficiency decreased from 93 % to
around 90 %. In Phoenix, AZ, E-bus route testing where summer tem-
peratures touch the upper 40s (i.e., T > 40°C), it was revealed that hot
climates extend the charging time of the E-buses due to uncontrolled
heat generation. In addition, it was recommended to shade and air
condition the charging stations to satisfy charging time [166].

This city is among very few hot climate cities that integrate E-bus
services and shows the importance of shading and air conditioning the
charging infrastructure itself which affects the economic aspects of such
projects.

In [167], the authors have introduced statistical models for pre-
dicting battery charging durations based on ambient temperature. Using
regression analysis, they have developed a formula that represents the
relationship between the final SOC, charging duration, ambient tem-
perature, and initial SOC. Notably, their empirical model demonstrates
that as ambient temperature increases, the time required to achieve a
high SOC decreases. However, the validation has only been conducted at
temperatures of 0 °C and 25 °C which may not be valid for higher
temperatures and limits the correctness of the results.

Given the importance of documenting the results of practical ex-
periments related to the automotive industry, the charging profiles of
two common EVs are depicted in Figs. 16 and 17. The figures
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Table 15
The major aspects associated with the cycling of Li-ion batteries at high
temperatures.

Charging Mode Discharging Mode
Challenge Comment Challenge Comment
Increased Hot temperatures Increased High temperatures
Reaction augment the Power Output can increase the
Rate reaction rate, power output of the
resulting in an battery.
augmented power
output. But, this
increases heat
dissipation which
adds extra unwanted
heat.
Slow Heat If heat isn’t Electrolyte As the temperature
Dissipation dissipated faster Transfer increases faster, the
than it’s generated, Speed transfer rate of the
the temperature will electrolyte
continue to rise, decreases.
potentially leading
to a thermal
runaway situation.
Temperature The permissible Performance Lithium-ion
Limits charge temperature Impact batteries can handle
is between 0 °C and an elevation in
45 °C. Good charge temperatures.
performance is However, keeping
ensured at high the battery
temperatures but it discharging for long
leads to shorter life. periods at higher
temperatures may
lead to gas
generation.
Charging As the temperature Voltage Drop The battery’s
Restrictions goes high, the internal resistance
chemical balance can cause a
can be destroyed and significant voltage
side reactions start. drop during
discharge, reducing
the available power
output.
Safety Charging Li-ion Reduced High-temperature
Concerns batteries in high Energy discharging is less
temperatures leads Efficiency energy-efficient.
to partial breakdown More of the energy is
and initiates thermal dissipated as heat
runaway due to increased
internal resistance.
Reduced The reactions that Shortened Similar to charging,
Capacity occur during Lifespan discharging a Li-ion
charging are less battery at high
efficient at elevated temperatures can
temperatures, also negatively
resulting in a lower affect its lifespan.
amount of charge The accelerated
stored. chemical reactions
Shortened Prolonged charging at elevated
Battery at high temperatures temperatures can
Lifespan can cause lead to quicker
accelerated degradation of the
degradation of the battery’s
battery. This can components.

result in a shorter
overall lifespan.

demonstrate the effects of ambient temperatures on charging duration.
For the temperatures considered in the test, the charger maintains a
steady power output during the constant current phase until reaching a
specific SOC. After that, constant voltage mode starts where the
charging power begins to decrease gradually at higher SOCs. Several
minutes longer charging time of high-temperature charging can be
observed. Comparing the three charging profiles, it can be seen that the
35 °C profile takes a longer time to finish the charging cycle and the
battery consumes more power required by the battery management
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Fig. 15. Complete charging cycle measurement of Li-ion 2015 E-Golf EV and
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Fig. 16. Level- 2 charging profiles of Li-ion Nissan Leaf battery under different
ambient temperatures [168].

system.

The report made by the American Automobile Association (AAA)
[169] showed that several tests have been made to show the impact of
cold (-7 °C) and hot (35 °C) temperatures on the energy consumption of
different EV brands. For the high-temperature operation, the compari-
son compared the normal 22 °C temperature to 35 °C where variations in
ambient temperatures led to reductions in trip range. Moreover, the
utilization of heating, ventilation, and air conditioning (HVAC) systems
leads to substantial reductions in trip ranges and reduced fuel economy.
These reductions are influenced by temperature-dependent factors and
battery capacity. Normally, when the temperature reached 35 °C, it
caused a 4 % reduction in driving range and a 5 % reduction in equiv-
alent fuel efficiency referring to 24 °C test conditions, considering that
HVAC was not running. After turning on the HVAC, substantial declines
in trip range and fuel efficiency were observed. It is important to
mention that the target of this paper is to address the consequences of
temperatures higher than 35 °C, whose impacts are more significant and
pronounced. However, to the best of the authors’ knowledge, limited
real automotive-related experimentations and resources are reported in
the literature.

To quantify the impact of the HVAC on the trip range, Fig. 18 (a) and
(b) present a bar graph of fuel consumption in Mi/Gallon values of
different EVs before and after operating the HVAC system at three
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Fig. 17. Level- 2 charging profiles of Li-ion Ford Focus battery under different
ambient temperatures [168].

different ambient temperatures. The values show the significant impact
of the HVAC on the fuel economy of EVs. It can be concluded from
Fig. 18 that both hot and cold ambient temperatures, caused a tangible
decrease in trip range and efficiency. At low temperatures (—7 °C), a 12
% decrease in trip range occurs. At high temperatures (35°C), around a
5 % decrease in the trip range compared to the 24 °C operating climate.
When HVAC is ON, —7 °C ambient temperature decreases the trip range
by about 40 % whereas 35°C driving conditions decrease the range by
almost 17 % compared to 24°C driving temperature [169]. Higher
temperatures would lead to increased HVAC energy consumption.

A nonlinear degradation model presented in Eq. (1), can be used to
accommodate the battery performance model in a more accurate way
compared with many linear models. The model illustrates a specific case
involving a temperature effect where the model parameters are denoted
as Po, P1, and p. The average performance is characterized by a degra-
dation model, u(T, t). It’s important to note that this model is semi-
empirical in nature. Accordingly, the change in the degradation
parameter is constrained by the availability of reactive materials. The
final model can vary significantly according to the calculated parame-
ters. Fig. 19 shows the resulting nonlinear model fit. The adverse effect

-
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of high temperature on increasing the resistance and thereby decreasing
the capacity can be observed.

,M(T, t) — [1 + ef(ﬂo+ﬂ1/T)]p D

The employed degradation model can be utilized to assess the
average lifespan of a cell under specific ambient temperature conditions
and predefined end-of-life (EOL) criteria. The determination of EOL
criteria is contingent upon various factors encompassed within the life
model. In instances where a solitary stress factor, such as temperature,
and a performance metric of relative resistance are considered, the EOL
criterion may be specified as a 30 % augmentation in degradation at a
given temperature, denoted as p(To, t) = 1.3 at EOL. The relative
resistance (i.e., battery resistance after a certain number of cycles
divided by the initial resistance) is used as a performance measure to
quantify the battery degradation. The measure is used as the internal
impedance of the battery increases over time irrespective of ambient
temperature.

Regarding the nonlinear degradation model delineated in Eq. (1), the
resultant estimated lifetime, (fzor), is expressed in Eq. (2), where pa-
rameters marked with the hat symbol " represent values derived from
nonlinear regression-based estimations. The resultant degradation
model can predict the average lifespan of a cell under defined temper-
ature conditions and EOL criteria. By employing the nonlinear degra-
dation model presented in Eq. (2), the estimated lifetime can be
computed using parameters acquired through nonlinear regression.
Assuming an EOL criterion of 30 % rise in relative resistance at T, =
30 °C, substituting the relevant parameters into Eq. (2) results in a
calculated lifetime estimation of 12.0 years.

1
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The authors in Ref. [170] conducted a test on EVs to characterize the
impact of hot climates under different charging modes. The concluded
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results are depicted in Fig. 20 where it can be seen that the fast charging
causes additional heating to the battery. On top of that, the results show
that there was a slightly greater reduction in battery capacity when
being fast-charged. It’s worth mentioning that higher ambient temper-
atures seemed to accelerate the capacity loss in all the E-buses in the
study. Additionally, the same study revealed that fast charging, on
average, raised the battery temperature by approximately 8°C. Fig. 21
shows the measured value of the internal resistance and its relation to
the charging speed. This factor is very important to explain the decaying
performance of EV batteries under both high temperatures and fast
charging.

15. Research gaps

- Considering the grid impact when planning for fast charging systems
is crucial and includes several technical aspects. Fast charging incurs
extra risk and costs on the investment when charging during peak
hours and high electricity rates. However, the majority of the con-
ducted research focused on cost minimization without identifying
realistic grid impacts.
One of the research gaps found in the literature is the missing
mathematical model and circuit model of Li-Ion batteries at high
temperatures. After obtaining the experimental models, the existing
models have been identified through several parameter identifica-
tion techniques as performed in many pieces of research.
Some discrepancies were found in the literature regarding the exact
effect of high temperatures on the performance of Li-ion batteries.
Therefore, concise and detailed analyses should be performed
considering the application, size, charging speed, and actual condi-
tions when comparing the results.
- Another research gap found in the literature is the very limited
studies on E-bus systems performance in hot climates.

16. Conclusion

This paper investigates the optimal deployment of E-bus charging
infrastructures in harsh climate cities. The investigations consider the
impact of high temperatures, Li-ion battery performance and charac-
teristics, fast charging rates, advantages and disadvantages of grid
interaction, types of charging stations, and optimal approaches in
planning, designing, and operating the charging infrastructure.

The substantial influence of high temperatures on Li-ion batteries is
highlighted and discussed. The aspects include long-term performance,
capacity deterioration, electro-chemical reactions, thermal management
schemes, and safety. The effect of higher temperatures has been speci-
fied and compared to help alleviate the temperature effect on reliable
deployment of E-bus transit systems in hot climate cities. The discussion
highlighted a significant reduction in the driving range of EVs, with the
decrease being further exacerbated by the increased energy consump-
tion for HVAC. It negatively affects the performance of Li-ion batteries,
leading to a reduced E-bus trip. High temperatures accelerate degrada-
tion, reducing the overall lifespan of the battery. This, in turn, can in-
crease the cost of battery replacement or maintenance. High
temperatures can lead to thermal runaway and potentially hazardous
situations. Implementing efficient thermal management systems, uti-
lizing cutting-edge technologies, and using standby and pre-
conditioning techniques can all help regulate and maintain the bat-
tery’s temperature within an ideal range in order to lessen the negative
effects of temperature on Li-ion batteries. Solutions proposed in the
literature focused on advanced cooling, battery oversizing, regulated
charging, and deploying more charging stations.

The operation of Li-ion batteries in hot temperatures has great po-
tential compared to cold weather operations with the existence of an
efficient thermal management system. This would emphasize the high
possibility of deploying E-buses in hot climate countries while ensuring
a feasible, safe, and environmentally friendly transportation system.
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