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ABSTRACT Electric vehicles (EVs) can have massive benefits in energy sector especially for a small island
country like the Maldives that imports oil with high transportation costs while power could have been
generated from abundantly available local renewable resources. However, EV charging may also impose
significant investment requirement for the power system that needs to be analyzed carefully including the
capacity of the existing distribution network system, investments needed in solar PV together with battery
storage and additional diesel capacity to meet the incremental demand from EVs.We explore an EV adoption
scenario for Maldives for 2030 with 30% of all vehicles including two-wheelers that dominate the transport
on the island under two different charging regimes: uncoordinated and optimized coordinated mode. The
latter is achieved through a system wide optimization using a modified version of theWorld Bank Electricity
Planning Model (EPM) that optimizes charging load subject to a range of constraints on allowable timing
for different categories of vehicles. If charging from the fleet is uncoordinated, a relatively small increase in
energy requirement of 3.1% due to EV may lead to a 26.1% increase in generation capacity requirement and
hence 15.7% additional investment. While the optimized charging regime helps to drastically cut down on
generation capacity requirements to just 1.8% increase and also considerably eases feeder loading, it may
also lead to higher emissions as more EV load during off-peak hours lead to an increase in diesel-based
generation. We have therefore explored an additional scenario wherein the annual emissions from the
power sector are constrained to the baseline (‘‘No EV’’) scenario. The analysis shows the importance of
focused modeling analysis to understand the ramifications of EV load impact on the power system including
significant increase in generation capacity and potential increase in power sector emissions in a fossil-fuel
dominated system.

INDEX TERMS Electric vehicles, power system optimization, least-cost planning, distribution network.

I. INTRODUCTION
A. CONTEXT
Electric vehicles (EVs) together with cleaner forms of
power generation technologies present a formidable option
to decarbonize the transport sector. Countries, institutions,
companies and international development communities have
been stepping up, introducing electric mobility (e-mobility)
targets, strategies and funds, fostering innovation and deploy-
ment [1], [2]. In many advanced economies, e-mobility mar-
kets are already well-established and EVs started to constitute
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a substantial share of annual vehicles sales [3]. Nevertheless,
transport decarbonization still remains a particularly signif-
icant issue in many developing countries with fossil fuel
dominated power systems, crowded and polluted cities with
heavy traffic, where unsustainable transport poses a threat for
urban communities [4].

Small Island Developing States (SIDS) like the Maldives,
which generates almost all its electricity from expensive
imported diesel fuels, presents a good example of poten-
tial challenges and the need for aligning transportation with
power system targets. Nearly half of the population lives
in the crowded capital of Malé, covering an area of less
than 10 km2. Maldives, located in the equatorial Indian
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Ocean, has an abundance of available solar energy to generate
power that can charge a good share of more than 80,000 cur-
rently unelectrified two-wheelers [5]. Nevertheless, eco-
nomic and land constraints are slowing down the uptake
of residential and utility-scale renewable energy installa-
tions [6], consequently leaving the country nearly entirely
dependent on imported fossil fuels.

There are a few studies that examined the nature and mag-
nitude of the impacts of EV deployment on power systems.
For example, De Quevedo [7], Shortt and O’Malley [8],
Mousavi Agah and Abbasi [9] and Pieltain Fernández [10]
review and model impacts of EV charging on distribution,
transmission and generation in the operational and planning
context. However, the literature on quantifying the current
or projected impacts in the existing EV markets is still rel-
atively limited. The investment requirement to upgrade the
grid, additional generation capacity requirements, increase
in operational costs and changes in emissions profile, are
important metrics to understand the full array of impacts.
Some of these assessments are available mostly for devel-
oped countries where EVs have been introduced. EV impact
assessment is limited for the developing world though even
for cases like India that has announced its intent to do rapid
electrification of its transport sector. Although the estimates
for the developed countries cannot directly be applied for
the developing counterparts given the substantially different
nature of the physical systems, they still constitute a set of
useful indicators of the nature and orders of increase in cost,
capacity and emissions.. This information can be of value
to decision makers, utilities and regulators in the emerging
EVmarkets, especially in developing countries with typically
more resource constrained power systems.

Furthermore, the modelling literature on power system
planning for developing countries to assess EV impact is
practically non-existent. This gives an incomplete overview
of the technical, economic and environmental impacts of EV
integration in power systems characterized by low flexibility,
excessive level of backouts and failures, poor power quality or
high share of fossil fuel generation. Additionally, the charging
behavior of the EV owners in developing countries and the
resultant aggregated load can vary significantly from the one
observed in developed EV markets due to different demo-
graphics [11], climate [12], the share of the transportation
modes [13] or availability of charging infrastructure [14].
Consequently, rapid EV deployment in developing countries,
similar to the one observed in China [2], might result in
impacts considerably different from those reported for devel-
oped countries. There may, for instance, be a significantly
higher need to boost peaking capacity in the developingworld
with sharper peak demand growth compounded by demand
from EV that may coincide with system peak.

These considerations provided the motivation for detailed
long-term planning analysis. This forms part of a wider EV
Flagship study undertaken by the World Bank. We have used
a capacity expansion and dispatch model to explore the tech-
nical and economic viability of converting 30% of all vehicle

modes to EVs by 2030. A sharp increase in peak demand
and hence peaking generation and network investments are
some of the fundamental power system challenges that are
addressed as part of our technical analysis. This work under-
lines the importance of long-term modelling in achieving
decarbonization targets. The rest of this paper is organized
as follows:

- First, it provides background information on the
Maldives power sector. Subsequently, it presents a
comprehensive review of the international experience
regarding EV impacts on the power system, including
relevant case studies and modelling approaches. The
review focuses on the quantification of reinforcement
costs and capacity additions in the country-specific case
studies.

- Second, it proposes a methodology to incorporate
EV fleet charging load in the long-term electricity
planning framework based on already existing and
well-established planning models. It includes a detailed
description of mathematical formulations, together with
a comprehensive explanation of EV load assumptions
and projections. We have also enhanced a standard plan-
ning model to consider optimization of EV load and
further simulated a carbon-neutral EV load addition
scenario.

- Third, it presents a comprehensive techno-economic
case study to assess the impacts of EV fleet introduc-
tion on the power system of Maldives, with a detailed
representation of the distribution system and two dis-
tinct charging strategies. Results of this study might
be extrapolated to other SIDS countries as well as
urban/peri-urban distribution areas with fossil fuel dom-
inated power systems and limited land availability.

B. BACKGROUND INFORMATION ON MALDIVES
The Republic of Maldives is among the smallest countries
in the world. The total population of nearly 550,000 people
lives on 194 islands stretched out along 800 km in the central
part of the Indian Ocean including around 250,000 in the
capital of Malé. Tourism has become the main contribu-
tor to the country’s annual gross domestic product (GDP)
and allowed its graduation from a low-income country to
upper-middle-income country status in 2011 [15]. However,
Maldives is exposed to a high dependency on fossil fuel
imports. The total fuel import in monetary terms amounted to
465 million USD in 2019, which was corresponding to 20%
of the whole import and 8.7 % of the country’s GDP.

The power system in theMaldives is composed of indepen-
dent isolated island-based grid systems, with each island hav-
ing its own powerhouse and distribution facility. Due to this,
the power systems are reliant on imported diesel generation to
meet almost all their power needs. In 2018, the total installed
capacity was 335.5MW, where diesel generators accounted
for 319 MW, while renewable energy units in the form of
solar PV for only 16.5 MW. In total, 775 GWh was generated
in 2018, with a 97% share from diesel generation.
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There has been significant emphasis on cleaner forms
of generation in future, especially solar PV, as noted in
the Energy Policy and Strategy 2016 [16] and the Strate-
gic Action Plan (SAP) 2019–2023 [17]. The most signifi-
cant goals from the perspective of the power sector include
a 4% share of renewable energy in the energy mix, reducing
diesel consumption in the electricity generation sector by
40 million litres and scaling up energy storage capacities
to 30 MWh. The Government of Maldives (GoM) aims at
scaling up the initial targets and considers having a daytime
peak met by solar PV with a 70% share by 2030 [18]. The
commitment towards GoM’s clean energy has recently been
reinforced with the President of Maldives committing to net
zero emissions as early as 2030 with international aid.

Apart from the power sector, transportation is another
contributor to fossil-fuels dependency and greenhouse gas
emissions. If the Maldives is able to transition towards a
combination of sustainable power and transport systems that
are based on cleaner forms of electricity generation, it would
not only reduce the country’s reliance on fuel imports but
significantly reduce air pollution in the capital Malé, and
boost the tourism industry by building a more positive image
of the country [19]. EVs are expected to be the core solution
towards the widespread transport decarbonization in SIDS.
With the need for flexibility in the power system to deploy
more renewables sources of electricity and high fuels costs,
implementation of electrified passenger and public trans-
portation systems may bring significant economic and envi-
ronmental benefits for these nations by providing the required
storage and grid service solutions when an appropriate
EV deployment strategy is being considered [20].

II. LITERATURE REVIEW
A. EV IMPACTS AND INTERNATIONAL EXPERIENCE
Sustainable e-mobility is globally considered the most
promising option to decarbonize the transportation sector
and an important step towards achieving climate targets.
However, quickly rising shares of EVs in sales and total
stocks may pose significant technological and operational
challenges for the generation, transmission, and distribution
segments of the power systems. The aspects of potential
techno-economic impacts of charging load have been widely
studied over recent years.

The distribution part of the power system is the most prone
to experience the stresses and negative impacts of EV deploy-
ment. At the local low-voltage level, a clustering effect might
occur, causing spatial concentration of vehicles and conse-
quently congregating the plug-in events [21]. Without smart
charging strategies in place, allowing to shift the load towards
a more favorable time, residential home charging is likely to
happen right after returning fromwork, causing already exist-
ing evening consumption peak to amplify. In turn, distribution
transformers and feeders might become overloaded, causing
losses, failures, and shortening asset life [22]. Furthermore,
uncontrolled EV charging can lead to power quality issues,

including voltage deviations or harmonic distortions [23].
In order to accommodate the growing charging load and
avoid serious reliability issues, electric utilities might be
forced to make significant upgrades to the distribution system
infrastructure. Boston Consulting Group (BCG) analysis [24]
estimated that with uncoordinated charging and 15% penetra-
tion rate, required distribution investments through 2030 may
reach up to 5,380 USD per EV in the US market.

In the remainder of this section, we present a sum-
mary of the literature that covers distribution system
impacts (Table 1), followed by impact on demand/generation/
emission (Table 2) and the modeling techniques used to cap-
ture EV impacts (Table 3).

Table 1 reviews relevant studies presenting international
assessments of distribution system impacts and the conse-
quent reinforcement costs. The review indicates that with
uncoordinated charging, EV deployment will result in sub-
stantial reinforcement costs driven by the required replace-
ments of transformers and cables.

Changes in the daily load due to the increasing number
of EVs would also impact upstream transmission and should
be considered as part of grid operation and expansion plan-
ning. While at the distribution level, the clustering effects
within the same section of the grid pose a substantial chal-
lenge to the system operator, the impact on the high-voltage
transmission grid is generally less severe. The BCG analy-
sis assessed required transmission infrastructure reinforce-
ments through 2030 to reach 420 USD per EV, which is just
below 8% of the distribution sector cost impact. Nevertheless,
at deeper EV penetration levels, or in systems with already
congested transmission lines, uncoordinated charging can
lead to high loading levels [25], more severe congestions
and consequently increase wholesale electricity prices [26].
Furthermore, incorporating the EV load in the transmission
expansion planning can result in additional investments or
upgrade requirements to assure reliability and prevent load
shedding or system failures in the future [27].

Charging of the EV fleet will have a direct impact on the
dispatch of the generation units, power system emissions,
operation costs and, in the long term, capacity expansion
decisions. As the preceding discussions alluded to, with-
out appropriate load shifting incentives, residential charging
load is likely to be allocated to evening hours with high
demand levels, subsequently being met with peak power
plants. In most systems, peaking capacities comprise gas
turbines or gas engines fueled with natural gas or liquid
fuels such as heavy fuel oil, characterized by high variable
costs. A sharper peak, especially in a small system, therefore
not only calls for adding disproportionately more capacity
but also increases operational expenses and emissions in the
power sector. Since the charging load in the Maldives may
occur during the evening peak that may be typically highly
uncertain and variable, it may also call for a new capacity
that is highly flexible to ensure security and adequacy of
the grid. Table 2 presents the relevant studies evaluating
the short and long-term impact of EV charging load on the
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TABLE 1. EV impact on distribution system: Summary of international studies.

generation fleet. These studies reveal flexible peaker plants
(gas turbines and engines) to be required in the capacity
mix with the uncoordinated charging in place, subsequently
increasing the system’s emissions and total costs.

While reinforcing the grid and expanding the asset’s capac-
ity is one way to cope with growing charging demand,
smart charging and battery swapping strategies may be poten-
tially good alternatives to partially mitigate the negative
impacts. Smart charging allows controlling a specific part of
the EV charging load through technological and incentive
programs introduced by electric utilities. The simplest and
currently most popular smart charging approach is the intro-
duction of time-of-use (TOU) tariffs, incentivizing EV own-
ers to plug in their vehicles during times of lower electricity
prices. TOU schemes have been proven to be an effective
way of peak shaving and mitigating major EV-related capac-
ity investments in distribution, transmission and generation

segments [28], [29]. Battery swapping to provide significant
flexibility around when depleted batteries can be recharged
enhances the prospect of utilizing cheaper renewables and/or
surplus capacity to avoid an addition to peaking capac-
ity, albeit at additional expenses for spare battery capacity
and infrastructure that is needed for swapping. Furthermore,
vehicle-grid integration (VGI) allow EV owners and sys-
tem operators to control, modulate and shift charging load.
VGI schemes range from turning on and off the charging
power through unidirectional charging load control (V1G)
to bidirectional vehicle-to-everything (V2X) technologies.
VGI technologies, apart from mitigating the most severe
impacts of EVs to the power systems, may bring a series
of additional benefits, including frequency control, auxiliary
services, short-term storage services, and supporting the inte-
gration of variable renewable energy (VRE) [29]. As the
full array of technologies around smart charging, battery

VOLUME 9, 2021 125643



A. Suski et al.: Analyzing EV Load Impact on Power Systems

TABLE 2. EV impact on demand, generation and emissions: Summary of international studies.

swapping and VGI unfold, it may be possible to use the flex-
ibility these entail to minimize the impact of EV load on the
power system. Moreover, the introduction of an appropriate
energy management system linked with distributed energy
resources can further reduce charging costs and maximize
benefits from the exchange with the grid [30]. These benefits
can be fully unlocked only if the charging infrastructure
and energy management systems are carefully designed and
operated [31], [32]. The availability of these technologies
in a developing country power system like Maldives would
however take significant time, effort and investments. A full
cost-benefit analysis of such flexibility also requires further
exploration and methodology development – an issue that is
not covered in the scope of the current paper.

B. OVERVIEW OF EV MODELING LITERATURE
Recent studies show that the impact of large-scale
EVs deployment on absolute electricity demand might be
limited to an increase reaching up to 10% of the total con-
sumption [55], which is likely to be accommodated by the
power system without causing undue stress. Over the years,
numerous researchers incorporated EV load into the dispatch
and capacity expansion models, determining impact on the

operation costs, investments decisions, and environmental
factors under various charging approaches. In 2007, Oak
Ridge Competitive Electricity Dispatch model was used to
evaluate the charging impact of Plug-in Hybrid Electric
Vehicles (PHEVs) on the Virginia-Carolinas electricity grid,
showing that peak charging leads to intensified use of com-
bustion turbines and combined cycle plants [56]. In [57],
the National energy modelling system (NEMS), used by US
Energy Information Administration (EIA), was adjusted to
investigate the impact of four different charging strategies
on the power capacity expansions. A long-term capacity
expansion model based on the mixed-integer linear program-
ming (MILP) approach is used in [58] to evaluate the value
of EVs flexibility. Two inflexible charging strategies were
proposed, supported with vehicle-to-grid (V2G) services,
assessed for the case study of the UK power system. MILP
model was also deployed in [27] to analyze the impact
of different EV charging strategies on the power system
expansion in Chile, considering co-optimization of transmis-
sion and generation investments. In [59], the MILP-based
optimization model was expanded to include day-ahead and
real-time markets stages in the decision process, creating the
multi-stage stochastic program used to analyze the impact
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TABLE 3. Review of the EV modelling studies.

of EVs controllability on the investment decisions. Hourly
MILP capacity expansion model with unit commitment and
economic dispatch was also utilized in [52] to evaluate the
benefit from PHEVs controlled charging strategy in the
NYISO system’s expansion planning. In [60], the sensitivity
of the generation portfolio investments on the EV and PV
deployment was evaluated using Monte-Carlo based scenario
modelling with the case study of the Australian National
Electricity Market. In [8], the power systems of Texas,
Sweden, Finland, Germany, and Ireland were represented
and analyzed with unit commitment and capacity expan-
sion models under uncoordinated and coordinated charging
schemes. Some of these studies focused on the cooperation of

EV fleet with other generation technologies and their
potential to support VRE integration in power systems.
Borba et al. [61] assessed the suitability of a controllable
electric vehicle fleet to integrate and balance the large-scale
wind power capacity deployment in northeastern Brazil.
Mehrjerdi [62] analyzed the microgrid multistage capacity
expansion problem with integrated electric vehicle charging
station, solar PV, and battery energy storage. Furthermore,
some of the models also included a detailed representation
of the distribution system’s assets in the modelling frame-
work. In [7] the MILP model of power system expansion
planning was deployed to evaluate the impact of EVs on
the distribution system with charging stations, storages, and
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distributed energy resources. An adaptive robust optimization
model, formulated as MILP, was used in [63] to deter-
mine the least-cost investment planning of charging sta-
tions, solar units, and battery storage, considering long-term
uncertainty and short-term meteorological variability. Banol
Arias et al. [64] focused on the small scale local distribution
system expansion planning, co-optimized with the least-cost
allocation of the charging stations. Themodel was formulated
as MILP and considered the uncertainties of conventional
loads as well as EV demand. Distribution level expansion
planning was also analyzed in [65]. A combination of par-
ticle swarm optimization and tabu search was deployed to
evaluate the system’s operational costs, losses, and emissions,
while integrating renewable energy sources, storage facilities
and EVs. In [66], planning of the PV capacities and charg-
ing stations is performed with stochastic chance-constrained
programming coupled with genetic algorithm. A summary of
the modeling studies is presented in Table 3.

A review of the modeling literature indicates that long term
optimization models based on the MILP approach are the
most popular tool to evaluate the impact of EV load on the
power system. These models are characterized with easy to
formulate (linear) form, a wide range of available solvers
and guarantee to obtain global optimum. Considering a wide
range of advantages similar approach has been applied in this
study.

III. METHODOLOGY
Figure 1 illustrates the key methodological steps undertaken
in this study. The analytical process started with obtaining
annual forecasts of electricity demand for each EVmode over
the investigated horizon. Subsequently, the typical charging
profiles were assumed for each mode under various charging
strategies. Afterwards, the annual charging demand and nor-
malized profiles were combined to generate EV load curves
for typical days that are incorporated in the planning model.
Then, least-cost generation and expansion plans were devel-
oped considering detailed technological, economic and envi-
ronmental parameters of the power system. Finally, the key
incremental parameters were calculated using outcomes of
the modelling process to evaluate the critical impacts of the
EV deployment. Key steps of the methodological process are
described in the subsequent sections.

A. EV LOAD AND CHARGING SCENARIOS
The first step in generating hourly EV load involves esti-
mating annual electricity demand from each mode and type
of vehicle. At this stage, two key inputs include a fore-
cast number of EVs by mode and assumed battery capacity
per vehicle type (in kWh). Annual electricity demand for
EV charging depends on the structure of the market and dom-
inant mode in the EV stock. Passenger light-duty vehicles,
light commercial vehicles, buses, trucks as well as electric
two- or three-wheelers will have not only distinct battery
capacities and designated chargers, but also their daily charg-
ing schemes will change depending on the intended use,

FIGURE 1. Key methodological steps.

charging solution (wired, wireless or battery swapping) or
charger availability.

To assess the impact of the additional demand on the
daily peak and load profile, the annual demand needs to
be converted into hourly load cycles based on a series of
assumptions. First, charging cycles and levelsmust be defined
for each mode. This includes defining the powers of the
various types of chargers as well as the percentage of vehicles
using specific chargers. Finally, the charging scenarios are
constructed to develop final EV load cycles. In this study,
two EV charging scenarios are considered: uncoordinated and
optimized. In all EV charging scenarios, the total demand
is derived from the baseline scenario without any transport
electrification (henceforth referred to as the ‘‘No EV Load’’
scenario, plus the incremental addition from EV deployment.

In the uncoordinated scenario, most of the charging occurs
during the evening hours, representing the typical time with
the highest frequency of such events according to historical
data. Specifically, we have assumed that:

- Most two-wheeler owners will plug in their EV after
coming home from work. Therefore, the uncoordinated
scenario considers 20% of electric two-wheeler fleet to
perform level-1 charging at ∼ 1 kW peak power (for up
to 3 hours) and 10% level-2 charging at ∼ 6kW peak
power (up to 1 hour) every day starting at 6 pm

- 10% of electric cars will charge daily at level-2 (∼7 kW
peak power for up to 10 hours) and 10% at level-3
(∼ 25 kW peak power up to 3 hours) starting at 6 pm

- The entire EV bus fleet is recharged every day through
fast charging (∼ 45 kW peak power for 8 hours), with
half of them starting at 6 pm and the other half at 11 pm.

Figure 2 shows the baseline (before EVs load) and incre-
mental EVs load for 30% of the vehicles for a typical working
day in 2030, estimated as part of our work. While the addi-
tional volume of electricity consumption is relatively small
(∼3%), an increase in evening peak for an uncoordinated
charging regime can be an order of magnitude higher.

As shown in Figure 2, the additional electricity demand
from EVs can shift the daily peak from noon to the evening
in the uncoordinated scenario.

In the optimized scenario, the model optimally distributes
part of an EV load among hours to achieve the least-cost
outcome. The optimization of the load is unidirectional, sim-
ilar to the application of V1G technologies. The goal of the
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FIGURE 2. Load in malé on a typical working day for 2030: baseline
(no EV) and EV load.

optimized scenario is to estimate the benefits of centralized
charging by allowing the model to shift load not only across
the hours but also balance it across the zones of the system.
The EV charging optimization needs to observe the following
three additional constraints in addition to observing restric-
tions on the timing of charging for different categories of
different EV categories:

- The daily energy demand in the optimized EV scenario
is equal to the daily energy demand in the uncoordi-
nated EV charging scenario, i.e., the total charging load
for the day remains the same as uncoordinated charging
regime;

- The hourly electricity consumption from EV charging
must be larger than 1% of the daily required electric-
ity for EV charging which sets a minimum charging
requirement; and

- The hourly electricity consumption from EV charging
must be lower than 50% of the daily required electricity
for EV charging, which sets a maximum charging load
for any hour.

Finally, we also consider an optimized EV-CO2 limits
scenario, where the model optimizes the EV charging load
but applies a CO2 emissions limit for each year of the mod-
elling period. The yearly CO2 emissions in this optimized
EV-CO2 limit scenario cannot be higher than for the baseline
(No EV Load). In other words, we explore a carbon-neutral
case in which the additional EV load does not increase
emissions to understand the system cost and investment
implications.

B. OPTIMIZATION MODEL
In this study, the Electricity Planning Model (EPM) is
deployed as a least-cost planning optimization framework for
assessing the impact of additional EV load. EPM is formu-
lated as a single mixed integer linear programming model
for all years and implemented in GAMS [67] environment.
It performs a systemwide multi-year planning optimization
to determine:

- The optimal generation and transmission capacity addi-
tion for the system over the next 10-20 years.

- How generators should be dispatched including
solar/wind subject to their availability profile and dis-
patchability.

- Flows among the nodes/zones, subjected to transmission
limits.

- Optimal capacity of storage and how storage units
should be operated to provide energy arbitrage and
reserve services; and

- Allocation of spinning and capacity reserves to ensure
adequacy and security of the system.

EPM is used to develop a baseline least-cost genera-
tion plan without further transport electrification and alter-
native generation plans with incremental EV load for the
period from 2021 to 2030 for uncoordinated and optimized
EV charging scenarios. Key outputs from the model include
the net present value (NPV) of the system costs, annual
CO2 emissions, required capacity additions and associated
investments, and fuel costs.

Equations 1-8 present the key formulations of the EPM
model that are relevant for the present EV analysis. A com-
plete formulation of the model is available in reference [68].
The objective function of the model constitutes NPV of
all generation related costs discounted by the discount fac-
tor DF . First, the NPV covers CAPEX costs applicable to
newly build thermal, renewable and storage units. CAPEX
value is annualized with the capital recovery factor (CRF).
Second, it comprises OPEX costs, which include both oper-
ation and maintenance (O&M) expenses and fuel costs.
Finally, NPV covers penalties θUSE and θSurplus for unserved
and surplus energy in each zone z.

NPV =
∑
g,y

(
DFy · CRFg · CAPEXg · Capg,y

)
+

∑
g,y,q,d,t

(
DFy · OPEXg,y,q,d,t · Geng,y,q,d,t

)
+

∑
z,y,q,d,t

(
DFy · USEz,y,q,d,t · θUSE

)
+

∑
z,y,q,d,t

(
DFy · Surplusz,y,q,d,t · θ

Surplus
)

(1)

Equation 2 imposes the limit on the generation output
Geng,y,q,d,t of each unit g in every hour t , day d , season q
and year y. Output is constrained by the product of installed
capacity Capg,y and capacity factor CFg,y,q,d,t .

Geng,y,q,d,t ≤ Capg,y · CFg,y,q,d,t ∀g, y, q, d, t (2)

Equation 3 restricts the hourly transfer of power
Transz,z′,y,q,d,t between two adjacent zones z and z′ with
parameter TransLimitz,z′,y,q based on the technical limitations
of lines in the system.

Transz,z′,y,q,d,t ≤ TransLimitz,z′,y,q ∀z, z
′, y, q (3)

Demand supply balance in each zone and timestep is
represented by Equation 4. It includes the generator’s out-
put (mapping between zones and generators is represented
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with a set ψ z), surplus and unserved power, storage outputs
and injections as well as transmission connectivity between
the zones. Demand (total load) comprises two parts: base
demand Demand z,y,q,d,t and additional EV charging load
EVLoad z,m,y,q,d,t .∑
g∈ψz

Geng,y,q,d,t−Surplusz,y,q,d,t

+

∑
g∈ψz,g∈ψB

BStorOutg,y,q,d,t · ηB

−

∑
z′
Transz,z′,y,q,d,t +

∑
z′

(
Transz,z′,y,q,d,t · η

T
)

−

∑
g∈9z,g∈9B

BStorIng,y,q,d,t+USEz,y,q,d,t

≤ Demand z,y,q,d,t+
∑
m

EVLoad z,m,y,q,d,t ∀z, y, q, d, t

(4)

EVLoad z,m,y,q,d,t is an input parameter for each transport
mode m (two-wheelers, cars, and buses) in the uncoordi-
nated scenario. We assume centralized charging of electric
buses in all scenarios with further EV deployment. There-
fore, the additional load required to charge electric buses
remains an exogenously defined parameter in all scenarios
with further EV roll-out. However, the additional charging
load EVLoad z,m,y,q,d,t is a variable for electric two-wheelers
and cars when considering optimized EV charging. Our study
assumes charging of these two-wheelers and cars across the
entire network that can be spread out (and thus optimized)
to avoid overly concentrating the load from charging these
vehicles around the peak hour. In other words, under opti-
mized charging the model will determine the optimal balance
between centralized charging and distributed charging of the
two-wheeler and cars.
Equations 5-7 represent EV load specific constraints under

optimized charging. Equation 5 ensures that the sum of
optimized load across all zones is equal to the predefined
value of daily EV demand in the system EVLoaddailym,y,q,d .
Equation 6 imposes the lower bound on the hourly EV load
in each zone z and hour h. Minimum optimized load is
proportional to the base electricity demand Demand z,y,q,d,t
using the scalar δEVmin, which for this study is defined as 0.01.
Finally, Equation 7 imposes the upper limit on the amount of
load allocated to one zone in each hour, proportional to the
product of daily EV load EVLoaddailym,y,q,d and factor δEVmax

(set to 0.5 for this study).∑
z,t

EVLoad z,m,y,q,d,t

= EVLoaddailym,y,q,d ∀m, q, d, y (5)

EVLoad z,m,y,q,d,t

≥
Demand z,y,q,d,t∑
z Demand z,y,q,d,t

·EVLoaddailym,y,q,d

· δEVmin ∀z,m, q, d, y, t (6)

EVLoad z,m,y,q,d,t

≤ EVLoaddailym,y,q,d · δ
EVmax

∀z,m, q, d, y, t (7)

Equation 8 provides the capacity balance of each technol-
ogy g in year y, excluding the first year of the planning hori-
zon (represented as FirstYear). The capacity in the specific
year is defined as a sum of capacity in the preceding year
Capg,y−1 and newly constructed capacity Buildg,y.

Capg,y = Capg,y−1 + Buildg,y ∀g, y 6= FirstYear (8)

Equation 9 constrains the amount of energy stored in each
timestep BStorageg,y,q,d,t in-unit g ∈ 9B (where set 9B

includes the storage units). Equations 10 and 11 define the
balance of the storage considering the output of storage unit
BStorOutg,y,q,d,t and storage charging BStorIng,y,q,d,t . All
storages are considered to be empty in the first hour of
each day d mainly because the planning model works with
non-adjacent representative days, and the storage optimiza-
tion is restricted to each daily cycle independent of other days.

BStorageg,y,q,d,t ≤Capg,y ∀g ∈ 9B, y, q, d, t (9)

BStorageg,y,q,d,t =BStorIng,y,q,d,t−BStorOutg,y,q,d,t
+BStorageg,y,q,d,t−1
×∀g ∈ 9B, y, q, d, t 6= FirstHour (10)

BStorageg,y,q,d,t =BStorIng,y,q,d,t−BStorOutg,y,q,d,t
×∀g ∈ 9B, y, q, d, t = FirstHour (11)

For network stability reasons, in Equation 12, the total
installed capacity of rooftop solar PV is limited to 50% of
the yearly peak load in any load zone Demandmaxz,y .∑

g∈9z,g∈9RoofPV

Capg,y ≤ 0.5 · Demandmaxz,y ∀z, y (12)

IV. CASE STUDY FOR MALDIVES (MALÉ)
A. KEY INPUTS
1) EV PENETRATION
The study focuses on the impact of EVfleet located in the sys-
tem of Malé, the capital and most populous city in Maldives
where 50% of each type of EV is located and charged. Table 4
summarizes the number of EVs by type and the associated
electricity demand for both the whole Maldives and Malé up
to 2030.
The projected number of two-wheelers in the Maldives

split between fossil-fueled two-wheelers (non-EV) and elec-
tric two-wheelers (EV) up to 2030, as shown in Figure 3.
The number of electric two-wheelers is expected to increase
from 5,377 in 2021 to 49,977 in 2030. The study assumes
an average 2.5 kWh battery capacity for the electric
two-wheelers.
The number of electric cars in theMaldives is forecasted to

grow from 546 in 2021 to 3,444 in 2030 (Figure 4). Electric
cars are assumed to have batteries with an average storage
capacity of 60 kWh.
We assume 15 new electric buses per year in Malé as

of 2021, yielding a total electric bus fleet of 150 buses
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TABLE 4. EV projections for the maldives and malé by vehicle type (number and total capacity in kWh).

FIGURE 3. Historic (up to 2018) and forecast number of two-wheelers in
the maldives.

FIGURE 4. Historic (up to 2018) and forecast number of cars in the
maldives. Note: Historic data is from maldives ministry of transport.

by 2030 since currently there are no electric buses in the Mal-
dives. These buses are expected to have an average battery
capacity of 350 kWh and are being recharged through fast
charging (peak power of 45 kW) every evening or night.

FIGURE 5. Baseline peak demand projection for malé.

FIGURE 6. Energy requirement projection for malé – baseline and
incremental EV demand.

2) PEAK POWER AND ELECTRICITY DEMAND IN MALÉ
Baseline peak demand for Malé in the absence of further
transport electrification is expected to grow at 4.4% per
year from 71 MW in 2021 to 105 MW in 2030 (Figure 5).
The associated electricity demand grows from 427 GWh
in 2021 to 630 GWh in 2030 (Figure 6).
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FIGURE 7. Schematic representation of the malé distribution network with candidate additions of rooftop solar PV and battery energy storage systems at
customers sites. Feeders 2, 7, and 14 were split into their different subsections. The remaining 10 feeders are modelled as single nodes. The power
transfer limit of each feeder section is 8 MW. Note: ∗ Load from centralized charging of cars and two-wheelers in GENZONE is only considered in the
optimized scenario.

Gradual electrification of vehicles up to 30% of the fleet
or∼ 26,800 EVs out of a total fleet of 89,000 vehicles inMalé
by 2030 increases the incremental EV energy requirement
from 4 GWh in 2021 to 31 GWh in 2030 (Figure 6, labelled
as EV). Total electricity demand is therefore expected to
grow from (427 + 4 =) 431 GWh in 2021 to (630 + 31 =)
661 GWh in 2030.

Annual electricity demand is modelled with 12 representa-
tive days with 3 days per quarter (1 peak day, 1 minimum
day and 1 average day) in hourly resolution. The model
assumes a constant load profile for each representative day
of the next ten years (2021-2030) at each distribution node
(substation). The load profile for each node for each of the
three representative days in the second quarter (April to May)
is based on the recorded hourly loads of April 2019. Load
profiles in the other quarters (quarters 1, 2, and 4) were
scaled based on the ratio of total generation in that quarter
to the total generation in Malé for quarter 2. Peak demand at
each distribution node has the same growth rate as the entire
system. The study assumes that the additional EV load at each
distribution node is split proportionally to each distribution
node’s contribution to the system peak demand in the absence
of any further electrification.

3) NETWORK REPRESENTATION
The schematic representation of Malé’s medium voltage dis-
tribution network is based on STELCO’s Malé single line
diagram from October 2019. Out of the 13 feeders, 3 feeders
(feeders 2, 7, and 14) were split into subsections with the
associated distribution transformers to investigate the possi-
ble overloading of transformers and feeder section capacity
constraints. The assumed power transfer limit of each feeder
subsection (labelled as FxSy in Figure 7) is 8 MW (Figure 7).
STELCO also provided power transfer limits in MW for the
distribution transformers (labelled as DTzz in Figure 7) along
with these 3 feeders. The remaining 10 feeders weremodelled

as single nodes with a feeder power transfer limit of 8 MW
(Figure 7). The model is allowed to deploy new rooftop solar
PV and grid connected batteries at each distribution node.
Existing diesel gensets and solar PV capacity are connected
to all feeders. Connection to all feeders is schematically
represented by placing existing diesel units and solar PV in
the zone labelled as GENZONE (Figure 7). New candidate
diesel or utility solar units are assumed to be deployed in the
same GENZONE. We assume that network constraints are
absent between the GENZONE and the first subsection of
each feeder (FxS1). Incremental load from EV buses charging
is connected to GENZONE to represent centralized charg-
ing of these vehicles. Total load, including base demand
and the incremental EV load from two-wheelers and cars,
is connected to each distribution node. This incremental load
is a fixed parameter in the uncoordinated scenario and a
variable in the optimized scenario. In the optimized charging
scenario, the two-wheelers and cars can be charged through
both decentralized charging in the distribution network and
centralized charging. The centralized charging is represented
as an additional load in GENZONE.

4) GENERATOR CHARACTERISTICS
Table 5 lists the cost and operational characteristics for both
existing and candidate diesel gensets (DG) and utility-scale
solar PV taken from the Energy Storage Roadmap for the
Maldives [69]. Rooftop solar PV is assumed to have a cap-
ital cost of 3.0 million USD per MW in line with recent
IRENA projections [70] and economic life of 20 years.
CAPEX of the battery energy storage systems (BESS) is
assumed to be 250 USD per kWh with an economic life
of 15 years. For candidate generators, the column ‘‘Capacity’’
shows the maximum capacity limit by 2030. The maximum
utility PV deployment of 5 MW by 2030 is based on a
previous PV potential assessment [69]. Diesel prices are
assumed to increase in line with the latest WB Commodity
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TABLE 5. Generator operating and cost characteristics.

TABLE 6. Overview of scenarios (2021-2030).

Market Outlook starting from the reported 2019 diesel price
of 21.5USD/GJ [70]. The solar availability profile inMalé for
both utility-scale PV and rooftop PV is taken from the Global
Solar Atlas (2020 data). The average solar capacity factor in
the model is 18%. Table 6 summarizes four key scenarios in
terms of EV load and associated constraints.

B. DISCUSSION OF RESULTS
The optimal generation plan in the baseline scenario with-
out further EV deployment yields a total net present value
of 867 million USD in system costs at a 10% discount
rate over the 2021 to 2030 period (Table 7). Total power
sector generation emissions stand at 3,173 kton CO2.
The combined existing and new capacity will be able to
meet almost the entire demand by 2030 but for a rela-
tively small part of it (<0.2% of total demand over the
2021-2030 period). The deployed capacity to meet increased
demand by 2030 includes 54 MW of rooftop PV and 2.5 MW

of BESS (14 MWh) in the distribution network together
with 5 MW of utility-scale PV and 4 MW of new diesel
units (Figure 8). Most of the new rooftop PV (47 MW out
of 54 MW) is built in the first six years of the modelling
period.

The expected contribution of renewables (rooftop and
utility-scale PV) will increase over the next 10 years up to
14% of the generation mix by 2030 (Figure 9. The contribu-
tion from batteries to energy mix is marginal and is about 1%
of the annual output by 2030.

Uncoordinated EV charging increases the total electric-
ity demand by 3.1% (+166 GWh) relative to the base-
line scenario over the 2021-2030 period. The increased
electricity demand causes a 3.5% increase in system costs
(+30 million USD).

The increase in system costs mainly stems from increased
fuel costs due to increased diesel generation and, to a lesser
extent, increased capital investment (Table 7). The additional
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TABLE 7. Comparison of different EV charging scenarios for malé (2021 – 2030).

FIGURE 8. Optimized baseline generation capacity for malé (2021-2030).

FIGURE 9. Baseline generation mix for malé (2021-2030).

demand is met through a combination of diesel, rooftop PV
and BESS generation. The increased electricity generation
from diesel units causes a 2.7% (+87 kton) increase in green-
house gas emissions over the next 10 years. The higher capital
expenditure results from the additional deployment of 8 MW
rooftop PV, 15 MW BESS (34 MWh), and 6 MW diesel
(Figure 10). Uncoordinated charging increases the evening
peak by up to 12 MW in 2025 (+17%) and 27 MW (+31 %)
in 2030. The higher peak demand is met through a combina-
tion of increased diesel and BESS output (Figure 11). BESS
is charged through overproduction of rooftop PV during the
day (7h – 16h) and diesel units during the night (Figure 11).

FIGURE 10. Comparison of the optimized capacity mix for malé: baseline
vs. uncoordinated EV.

FIGURE 11. Hourly dispatch for malé in 2030 for an average day in the
uncoordinated EV charging scenario.

Optimized EV charging reduces the incremental cost of EV
deployment relative to the baseline scenario for the power
sector from 30 million USD in the uncoordinated EV charg-
ing scenario to 25 million USD, i.e., a 2.9% increase in
system costs over the baseline NPV estimate. The optimized
EV charging case incurs larger fuel costs than the uncoordi-
nated scenario due to increased diesel generation (Table 7).
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FIGURE 12. Comparison of total system costs (2021-2030) under different
EV charging scenarios for malé.

FIGURE 13. New capacity by 2030 under different EV charging scenarios
for malé.

The increase in fuel costs (+5 million USD) in the coor-
dinated charging scenario compared to the uncoordinated
scenario is more than offset by a reduction in capital cost
(−7 million USD) and operating costs (−2 million USD),
leading to a net 5 million cost decrease relative to the unco-
ordinated case (Figure 12).

The optimized charging scenario has a similar capac-
ity expansion plan as the baseline. The only differ-
ence is the 2 MW higher diesel deployment over the
2021-2030 period (Figure 13). Put differently, the optimized
scenario flattens the EV load sufficiently to warrant very little
increase in capacity relative to the baseline and uses more
diesel generation to meet this load.

This is evident from Figure 14 that shows optimized
EV charging removes the evening spike from concentra-
ted EV charging in the uncoordinated scenario by distributing
the EV charging load throughout the day. Optimized charg-
ing smoothens the load profile and reduces systems costs
due to reduced CAPEX needs. On the flipside, the incre-
mental EV load is mainly met by previously unused diesel
capacity, especially during periods of high solar availability

FIGURE 14. Hourly load for an average day in malé during quarter 2
in 2030 under different EV charging scenarios.

FIGURE 15. New capacity by 2030 under different EV charging scenarios
for malé.

(11h – 15h) where even more idle diesel capacity is available
tomeet incremental EV load (Figure 14). The increased diesel
capacity and generation in the optimized charging scenario
further increase CO2 emission up to 3,287 kton over the
2021-2030 or a 3.6 % increase vs. the baseline.

We, therefore, also explored a carbon-neutral scenario by
constraining the optimized EV scenario CO2 emissions limits
to the baseline emissions. This proved to be an expensive
constraint that doubles the incremental cost to 52 million
USD over the baseline (Table 7). Limiting the CO2 emis-
sions in the optimized EV scenario not only results in
increased solar PV deployment in the distribution network
but also increases unmet demand during high load hours
in the evening. The combination of both effects increases
the total system cost by 6.0% over the 2021-2030 period.
However, it is interesting to note that even with the carbon
neutrality criterion imposed, optimized charging of EV leads
to distributing the load more evenly and eliminates the need
for BESS, albeit at the expense of increasing (economic) load
shed (Figure 15). Although we do not explore the demand
response options as part of this study, such options for cooling
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loads etc., may be a highly potent option to manage other
loads.

V. CONCLUDING REMARKS
Electrification of transport is one of the critical planks of
decarbonization and is a welcome addition in many other
terms too for oil-importing countries with heavily polluted
cities. It is, however, going to place an additional burden on
power systems requiring more generation, storage, transmis-
sion and distribution capacity, more generation from expen-
sive peaking plants and potentially more emissions from the
power sector. There is a serious need for planning ahead so
that these impacts can be minimized through measures like
optimized/coordinated charging of EV loads and intensifying
RE and storage programs.

In this paper, we present the methodology to incorporate
the EV charging demand in the long-term capacity expansion
model and evaluate the impact of the additional load on
the power system operation, costs, emissions and investment
decisions.We have firstly surveyed the academic and industry
literature that mostly discuss the experience with EV in the
developed world to provide an understanding of the nature
and magnitude of EV impacts on generation, transmission
and distribution. Some of the studies do point to a substantial
need to upgrade the distribution network that may add in
excess of 5000USD per EV. Furthermore, capacity expansion
studies indicate that investments in new flexible gas units
are needed in the system after large scale EV introduction
with uncoordinated charging. In the developing world, these
impacts may be even more serious because of the dilapidated
nature of the distribution system, rapidly growing electricity
demand, a lack of sufficient peaking capacity and inade-
quate level of RE penetration to meet the added load without
increasing emissions. Nevertheless, literature review con-
firms that smart charging strategies, including TOU tariffs,
coordinated unidirectional charging and V2G technologies,
are effective ways of mitigating the power system stresses,
reducing required investments to provide reliable electricity
supply and avoiding CO2 emissions from a new load. Espe-
cially in the systems with already high investments require-
ments, due to increasing demand and poor infrastructure,
load management approaches can be substantially more cost-
effective compared to typical capacity expansion and grid
reinforcement.

We have undertaken a planning study for the city of Malé
in Maldives to explore these issues and inform a strategy
around distributed RE, EV and BESS to augment the existing
generation system in a way that does not require a mas-
sive upgrade to the distribution network. We have used the
Electricity Planning Model (EPM) developed at the World
Bank with some enhancements made to it to optimize EV
charging load. There are three key questions we have tried to
answer for Maldives: (a) what are the additional capital and
operating cost and emissions implications of adding EV to
the system? (b) does it help to plan for an optimized charging
regime to contain some or all of these impacts sufficiently?

and (c) can the Maldives system be made carbon-neutral for
the additional EV load, and at what cost?

We have considered a moderate EV scenario that assumes
30% of the vehicles (primarily two-wheelers) will switch
to EV by 2030, adding a modest ∼3% to energy require-
ment on average over 2021-2030. However, the addition to
evening peak hour load can be an order of magnitude higher
if a substantial part of these vehicles is to be charged dur-
ing the evening in an ‘‘uncoordinated’’ regime. This regime
is compared and contrasted with a coordinated/optimized
regime wherein the model distributes the EV load across the
hours while observing constraints on minimum and maxi-
mum charging that is feasible and on timing requirements for
different modes of transport.

Uncoordinated EV charging will increase total power sys-
tem costs by ∼3% (+ 30 million USD 2021) over the
2021-2030 period resulting from increased CAPEX for
generation units and diesel fuel costs. Total undiscounted
generation CAPEX will increase by 36 million USD
(or 16% relative to a baseline of No EV load) as the sys-
tem will require an additional 29 MW capacity by 2030
(8 MW rooftop PV, 15 MW BESS, 6 MW and diesel). Given
that the 36 million USD additional generation investment
is needed to electrify approximately 50,000 two-wheelers,
3,400 cars and 150 buses, about 500-600 USD in new gener-
ation investment is needed for every new EV (primarily two-
wheelers) on the road over the next ten years in the Maldives.
This is in fact a significant cost for a small system and
represents around 50% of the cost of a new EV two-wheeler
in the country.

Optimized EV charging will reduce the incremental cost
to 25 million USD in discounted terms over 2021-2030.
The incremental cost from Optimized EV is mainly due
to increased fuel (diesel) costs, but it will cause an addi-
tional 114 kton CO2 emissions compared to the baseline
case. Optimized EV charging also causes 27 kton more CO2
emissions than the uncoordinated EV charging scenario. New
and emerging technologies such as smart charging, battery
swapping, and VGI can enable/support the Optimized EV
scenario and potentially expand its scope and limit the nega-
tive emissions impacts. However, these issues would require
significant enhancements to the methodology and that data
that do not exist at present and hence have not been explored.

Uncoordinated EV charging causes increased rooftop PV
and BESS deployment together with increased RE generation
to manage a sharp increase in the evening peak, whereas
optimized EV favors increased diesel generation and capacity
(+2 MW vs. baseline). The increased evening load under
uncoordinated EV charging improves the business case for
BESS or PV+BESS as local rooftop PV, and BESS avoids
overloading feeders. The distribution network is able to cope
with the EV load without requiring an upgrade of the feeders
that we have studied. A thorough load flow analysis will still
be needed to confirm this finding for the full network.

In summary, the study provided us with a number of useful
insights. While it provided some comfort that the additional
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EV load can be accommodated within the limitation of the
11 kV feeders studies, it also revealed a severe increase
in generation capital requirement to meet the peak load.
Optimized charging can contain this impact but presents a
challenge of increasing emissions too. Although these con-
clusions are somewhat idiosyncratic to the Malé generation
and network systems, the underlying issues are symptomatic
to many cities in the developing world. The planning model
and the framework around which these issues are addressed
may need to be applied for a carefully planned development
of EV penetration, including a fuller exploration of new and
emerging technologies that can minimize potential ill-effects
of EV load on the power systems.

These conclusions and insights lead to a few key recom-
mendations for the key stakeholders involved in policy mak-
ing, regulations and system planning and operation, namely:

- Policy making on EV should explicitly consider inte-
grated energy sector-wide studies including decar-
bonization target for the sector as a whole. As the
Maldives case study clearly demonstrate, the impact of
additional EV demand on the power system is significant
that requires careful planning, investment and opera-
tional changes that will require a long lead time.

- Power system planning should be used to exploit any
flexibility that may be available in optimizing the
EV load to minimize system cost, investment and emis-
sions impacts. Bringing the EV roll out plan and power
system plan closer is essential to understand the benefits
of a more flexible EV charging and devise necessary
incentive mechanisms. Given the resource constraints
that typically prevail in developing countries, it is impor-
tant not to overburden an already stressed system or
extenuate investment requirements that are usually quite
challenging to meet organic load growth.

- The impact on distribution system can be particularly
severe that may in the limit require a complete overhaul
of the system, e.g., to upgrade a substantial part of the
11 kV system to 22 kV. If this transition is not managed
well, it may lead to a substantial increase in outages.
Long-term planning analyses should be complemented
with detailed load flow studies to evaluate the suitabil-
ity of distribution and transmission system assets and
uncover potential risks of overloading or failures.

- Theoretical studies prove that smart charging strategies
provide an attractive way of avoiding expensive grid
reinforcements with the large-scale deployment of EVs.
Piloting new technologies is a useful way to check if
some of the costly upgrades can be avoided and the
planning analysis also provides a means to test the
cost-benefit of these technologies.
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