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Abstract— Kenya has a strong interest in electric vehicles (EVs),
which are quickly being deployed in key cities such as Nairobi. The
problem with the increasing number of EVs in the country is that they
will lead to an increase in electrical power demand and excessive
power losses. This paper seeks to analyze the impact of the large
adoption of electric vehicles on the Nairobi aerial distribution network,
with a focus on the Juja section. The methodology in this work assumes
that 50% of the households in the study area own EVs. Two types of
chargers to service the EVs are considered; Level 1 chargers and Level
2 chargers. Levels 1 chargers are installed at homes and are used to
charge the EVs at night when the owners are back home, while Level
2 chargers are installed at commercial parking lots and are used to
charge the EVs during the day when the EV owners are at work. A 24
hours Time Domain Analysis is performed using ETAP software
considering two scenarios; the first being that all the EVs are charged
at night from 9 pm to 6 am the next day using Level 1 chargers, and
the second being that all the EVs are charged during the day from 10
am to 2 pm using Level 2 chargers. Simulation results show that
charging all the EVs at night leads to an increase in the total daily
active power loss in the study network from 0.57MW with no EVs to
190.36MW, while charging the EVs during the day using Level 2
chargers leads to an active power loss of 271.616 MW. From this study,
it is recommended that appropriate charging schemes must be put in
place as the number of EVs keeps growing in Nairobi, and other parts
of Kenya.

Keywords—Electric vehicles, Charging stations, Nairobi, Power
losses

I. INTRODUCTION

Oday’s transport sector is undergoing a rapid mutation

as a result of the increasing integration of electric
vehicles (EVs). Though EVs today may seem like new
technology, they began way back in the late middle of the 19®
century, with the first electric cars being developed by England
and France in the late 1800s [1]. EVs are proving to be a
promising way to reduce the amount of greenhouse gas (GHG)
emissions from the transport sector [2]. In Kenya for example,
as of 2019, the country’s domestic transport emissions stood at
12.343 MtCO2e (excluding emissions from waterborne
navigations) and of this, 12.09 MtCOe came from the roads
[3]. The world is fast embracing EVs which are fuel-efficient,
noise-free, and emissions-free because of the urgent need to cut
down emissions from this sector as the fight against climate
change intensifies [4][5]. The fast adoption of EVs by all
heavily depends on the swift expansion of charging
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infrastructures in the communities and work environments [6].

Kenya has a very great interest in EVs which are
progressively being deployed in major cities like Nairobi with
electric vehicle charging stations (EVCSs) already at Thika
Road Mall, Two Rivers Mall, and the Hub Karen [7]. Also, the
unfolding of EVs in Kenya is a result of strategies put in place
at gearing up the population to acquire EVs. The electric vehicle
standards adopted in 2019 by the Kenya Bureau of Standards
(KEBS) aiming at reducing excise duty from 20% to 10% on
EVs has been an excellent way to promote the ratification of
EVs in the country [7]. In addition, Kenya Power and Lighting
Company (KPLC), which is the electricity distribution operator
of the country, in March 2021, expressed its plan of building
EVCSs in Malls, parking lots, and along major highways as a
way of stimulating electric car demand as well as boosting the
revenue stream of the company . With these strategies put in
place, the number of EVs in the country will keep increasing
and it is important to be able to assess the impact of these EVs
on the electrical distribution network to be able to know how to
strategically install the EVCSs and also adopt a beneficial
charging scheme to minimize the impact of the EVs on the
distribution network. This is because EVs in addition to
benefiting the transport sector could endanger the electrical
distribution network in terms of excessive power losses,
distribution feeder imbalance, and an increase in the
bidirectional flow of current and fault current levels [8].
Variations in the network voltage beyond acceptable could also
be experienced [9].

This paper seeks to analyze the impact of EVs on the Nairobi
aerial distribution network, with a focus on the Juja network
section. Two charging scenarios are considered, the first being
that all the EVs in the chosen area are charged only at night
using Level 1 chargers at homes, and the second being that all
the EVs are charged during the day using Level 2 chargers in
parking lots, and commercial areas.

Il. METHODOLOGY

A. Classification of electric vehicles

According to [10], EVs can be classified as follow;
i. Battery Electric Vehicle (BEV): This type of EV is
powered 100% by batteries. They are commonly called
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Battery-only Electric vehicles (BOEV) [11]. BEVs suffer
from a short range of up to 250km when their batteries are
fully charged [12]. That notwithstanding, the new models
of BEVs developed such as the Nissan Leaf e+ can go up
to 325km before necessitating recharging. BEV can be
charged by plugging the EV into a socket outlet or through
battery swapping.
ii. Plug-in hybrid electric vehicle (PHEV): This type of EV
makes use of a combination of an electric engine and an
internal combustion engine (ICE) for propulsion. The
batteries in PHEV are charged by plugging the vehicle into
a utility outlet. The problem of the short-range of BEV is
overcome significantly by PHEVs which can go up to
500km due to the use of ICE as well [12].
Hybrid electric vehicles (HEVS): They use a combination
of an electric engine and an ICE for their propulsion like
the PHEV. Nonetheless, HEV differs from PHEV in the
sense that HEV’s batteries are charged by the power that is
generated by the ICE, hence the vehicle does not require to
be plugged into a utility for charging. Advanced HEVs also
make use of regenerated braking to charge the batteries.
iv. Extended range EVs (ER-EVS): This type of EV is similar
to BEV, but is equipped with a supplementary ICE whose
main function is to charge the vehicle’s batteries when
needed, thereby giving the vehicle an extended range. The
ICE in ER-EVs is not used for propulsion as is the case in
PHEV and HEV.
Fig. 1 shows a summary of the classification of EVs.
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Fig. 1. Classification of EVs, (a) BEV, (b) PHEV, (c) HEV (d) ER-
EV [10]
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Among the various classifications of EVs discussed above,

BEV and PHEV are plug-in electric vehicles (PEVs) because

they can be plugged into the grid socket outlet for battery

recharge while HEV and ER-EV are not. Only BEVs are
considered in this research work.

B. Electric vehicle charging stations

An Electric vehicle charging station (EVCS) can be defined
as a secured, monitored, and controlled channel that connects
the EV to the grid as shown in Fig. 2 [13]. The EV charger is
the power electronic equipment that converts the AC power
from the grid into DC power to charge the EV batteries.
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Fig. 2. Electric vehicle charging station with an EV [13]

EV charging according to the international standard IEC
61851 is divided into four types or modes and these modes vary
according to the current the EV charger draws from the mains
and hence the time it takes to charge the EV [14]. As per this
standard, the various modes of EV charging are;

i. Mode 1 charging: This is referred to as plugging the EV
charger into a single-phase AC mains of 250V maximum
or a three-phase mains of 480V at a frequency of 50/60Hz
and the current drawn by the charger, in either case, should
not exceed 16A. This mode of charging is very slow and
requires several hours to fully charge the EV batteries. It is
usually used at home to charge the EV overnight or at
offices since very low power is drawn from the grid and it
also does not require additional infrastructures. Mode 1 EV
charging despite being slow is advantageous to the
distribution network in the sense that it has a low impact
on peak electricity demands.

ii. Mode 2 charging: This is similar to mode 1 charging with
the exception that the EV is allowed to draw up to 32A
from the mains while not violating the operations of the
protective equipment put in place. In addition to the current
drawn from the mains, mode 2 charging also differs from
mode 1 charging in the sense that it has a control pin at the
vehicle’s inlet and connector. Unlike mode 1, mode 2
charging is used in dedicated facilities.

Mode 3 charging: This mode is an extension of mode 2
charging with the EV being able to pull up to 63A from the
mains. A piece of control equipment is permanently
connected to the AC mains to adequately manage the
charging of the EV. This mode of charging is fast as it can
fully charge an EV within a few hours when the EV owner
is at work. Despite mode 2 and mode 3 charging being
faster and more efficient than mode 1 charging, mode 2 and
3 charging are costlier and have a higher potential to impact
peak electricity demand.
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iv. Mode 4 charging: While modes 1, 2, and 3 are done using
the EV’s onboard charger, mode 4 uses an offboard
charger. The AC power from the mains is converted into
DC power by the off-board charger and supplied to the EV.
In mode 4 charging, an EV battery can be fully charged
within 30 minutes. This charging mode is very costly and
can potentially soar peak electricity demand as the EV
draws up to 400A from the grid.

A summary of the various modes of EV charging is shown in
Fig. 3 below.
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Fig. 3. EV charging modes according to IEC 61851-1 standard [14]

With these modes of EV charging, EV chargers have been
categorized into 3 levels, that is; Level 1, Level 2, and Level 3
chargers. Level 1 chargers exhibit mode 1 charging, Level 2
chargers exhibit modes 2 and 3 charging, while Level 3
chargers exhibit mode 4 charging scheme [15]. A comparison
of Level 1, 2, and 3 chargers is shown in Table 1.

Table 1: Comparison of Level 1, 2, and 3 EV Chargers

Charger  Charger Current drawn Charging Range per
Type from mains time charging hour
Level 1 AC 12-16A 6-10 8 km
hours
Level 2 AC 32-70A 1-3 hours 16-32 km
Level 3 DC 167A 30 mins 120+ km

Despite Level 3 chargers being able to fully charge an EV
battery within minutes, this technology is not yet fully
developed as there is a great need for a wide development of
compatible EV batteries for this charger. Level 1 and Level 2
are the ones that are widely used so far. Therefore, making EV
charging a long deal. In attempting to resolve this long charging
time, EV battery swapping stations (EVBSS) are being
introduced into the e-mobile industry. EVBSS offers the
possibility for EV users to automatically and effortlessly
replace their flat EV batteries with fully charged ones [16]. In
this setting, an EV’s battery can be replaced within a few
minutes, a much shorter time than the one required to refuel a
gasoline vehicle as already been utilized and demonstrated by
some EV manufacturing companies like Tesla [17]. The first
commercial usage of battery swapping was done in 2008 in
China during the summer Olympics where the batteries of about
50 electric buses were swapped [18].
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C. Study Area

In this study, the Juja section of the Nairobi aerial distribution
network is used as a study network to analyze the impact of EV
charging on the network. The Juja network section is a 14-bus
distribution network comprising at a voltage of 66kV as shown
in Fig. 4
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Fig. 4. Juja section of the Nairobi distribution network [19]

The study area is considered to be a mixture of commercial
and residential loads, with the commercial loads clustered to
form a commercial area. Loads on buses 22, 24, and 26 are
commercial loads, while the loads on other buses are residential
as shown in Fig. 5.
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Fig. 5. Segregation of the study area into commercial and residential
areas

The normalized daily load profile of the commercial loads,
as well as the residential loads, are shown in Fig. 6 and 7
respectively. The normalized load curve of commercial loads is
obtained from [20]. These commercial loads are offices and
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retail shops. The residential load profile is that of a typical
household in Nairobi as obtained from [21]. The residential
loads are small households.
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Fig. 6. Commercial daily load curve

100
90
80
70
60
50

40
0 2

Power Demand (%)

4 6 8 10 12 14 16 18 20 22
Time (Hour)

Fig. 7. Residential daily load curve

D. Estimation of the EV population

The EV population is obtained from the percentage of EV
integration in the study area. This percentage of EV integration
is calculated as the ratio of the number of households with EVs,
Npnievto the total number of households in the study areas, Ny,
as shown in equation (3.42).

hhEV

N,

The number of households in a study area is obtained using
equation (3.43)

Sthn

S ()
Where Ny, is the number of households in the area, Sy, is the
total apparent power demand of the residential loads and Sy, is
the apparent power demand of a single household.

The EV population of the study area is obtained from the total
apparent power demand of the loads. As earlier mentioned, the
study network is a mixture of residential and commercial loads.
Considering each household to have an apparent power demand
of 18kVA, using equation (2), the number of households is

Npp =
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obtained to be 5930 households. The repartition of the network

into residential and commercial loads is shown in Table 2.

Furthermore, considering a percentage EV population of 50%

and assuming that each household can have a maximum of only

1 EV, using equation (1), the number of EVs in the study area

is calculated to be 2965EVs. A summary of the number of
households and EVs in the study area is shown in Table 3.

Table 2. Repartition of the network into residential and commercial
loads

Commercial  Residential ~ Total residential ~ Total Total
load nodes load nodes  loads power commercial  network
demand (MVA) load power  power
demand (MVA)
(MVA)
22,24, 26 29,43,45, 106.739 97.301 204.04
50
Table 3. Estimation of the EV population of every network
Power demand per household (kVA) 18
Total number of Households 5930
% EV integration 50
Number of EVs 2965

E. EV modeling using ETAP

The EVs are modeled in ETAP using a battery whose
capacity agrees closely to the chosen EV moel’s battery pack
capacity. For this study, the Nissan Leading, Environmentally
Friendly, Affordable, Family Car (LEAF) commonly called
Nissan Leaf is chosen to be the EV used by inhabitants of the
study area, precisely the Nissan Leaf 2018. The Nissan Leaf
2018 has a battery pack capacity of 40.0kWh for a range of
220km. The battery characteristics of this EV model are shown
in Table 4 [22],

Table 4: Nissan Leaf 2018 battery characteristics
Characteristics
Number of cells 192
Cell configuration 2 parallel arrangements of 96 cells in
series

Nominal voltage of a single cell  3.65 V
Nominal voltage of battery pack  364.8 V
Rated capacity of battery pack 56.3 Ah
Battery pack energy rating 40kWh
Battery Useable 36 kWh

ETAP has a vast library of batteries and the battery whose
rating agreed closest to the Nissan Leaf 2018 battery pack is the
CC model of the YUASA-EXIDE battery having a capacity of
50Ah as shown in Fig. 8. A total of 192 cells was selected
giving a rated open circuit voltage of 395.5V

The Level 1 chargers used here are three-phase chargers that
charge the modeled EV with a current of 16A from the mains,
while Level 2 chargers used here are three-phase chargers that
charge the modeled EV with a current of 32A from the mains
as shown in Fig. 9
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Fig. 8. Nissan Leaf 2018 model using ETAP
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Fig. 9. Test charging of the modeled EV in ETAP

F. Simulation Scenarios

ETAP software time-domain analysis is used to analyze the
impact of the EVs on the Juja distribution network. A 24 hours
simulation is performed considering two scenarios bringing out
the uniqueness of this study;

All the EVs are charged at night using Level 1 chargers
in homes as shown in Fig. 10; that is, the EVs are
charged from the normal socket outlets in homes
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All the EVs are charged during the day using Level 2

chargers installed in parking lots and commercial areas
as shown in Fig. 11.
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Fig. 10. All EVs charged using Level 1 chargers at homes
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Fig. 11. All EVs charged using Level 2 chargers at the commercial
district

I1l. RESULTS AND DISCUSSIONS

The impact of the two simulated EV charging scenarios on the
Juja section of the Nairobi aerial distribution network is shown
below.

A. Impact of the EVs on the substation current

As shown in Fig. 12, it is observed that for both charging
scenarios, incorporating the EVs into the distribution network
leads to an increase in the current supplied by the main
substation. The increase in the current supply is a result of the
EVs being an extra load to the distribution network and hence
extra power needs to be supplied by the substation to be able to
charge the EVs while servicing other loads. That
notwithstanding, the increase in current due to the Level 1
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charging scenario is lesser compared to that due to Level 2.
Charging the EVs with Level 1 chargers at night increase the
current by roughly 185.73A at each hour of charging.
Meanwhile, charging the EVs with Level 2 chargers during the
day leads to an increase in the substation current by roughly
475.18A at each hour of charging. The Level 1 scenario lead to
a lower increase in the substation current compared to the Level
2 charging scenario because of the lower power demand of
Level 1 chargers (11kW) compared to 22kW of Level 2
chargers. It can therefore be deduced that the distribution
substation is more stressed with the Level 2 charging scenario
compared to the Level 1 charging scenario.
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Fig. 12. Impact of Level 1 and Level 2 EV charging scenarios on the
substation current supply

B. Active and reactive power losses

As can be observed in Fig. 13, the insertion of the EVs into
the distribution network at any time of the 24 hours simulation
time leads to an increase in the active and reactive power losses
at that instance. Nevertheless, the increase in power losses due
to the Level 2 charging scenario is more than that due to the
Level 1 charging scenario. This is because as explained in the
previous section, Level 2 charging leads to a higher current
being drawn from the substation, and power loss is a function
of the current flowing through the network feeders.

Looking at the overall daily total active power losses during
the 24 hours simulation for both charging scenarios, the total
active power loss with the adoption of the Level 1 charging
scheme on each phase of the network is lower than that when
the Level 2 charging scheme is utilized even though Level 1
charging takes a longer time (9 hours) compared to 5 hours of
the Level 2 charging. The total active power loss on each phase
of the network increases from 0.19MW giving a total of
0.58MW of power loss on all three phases to 63.79MW giving
a total of 191.36MW on all three phases of the network.
Meanwhile, for the Level 2 charging scenario, the total active
power loss on each phase of the network increases to 90.34MW,
giving a total of 271.62MW on all three phases of the network.
Fig. 14 shows the total active power loss in the network for both
EV charging scenarios. It, therefore, means that adopting the
Level 1 charging scenario will be beneficial to the distribution
network compared to adopting the Level 2 charging scenario.
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IV. CONCLUSION

In this paper, the aim was to analyze the impact electric
vehicle adoption will have on the Nairobi aerial distribution
network with the focus being on the Juja section of the network.
A 24 hours simulation was done using ETAP software. Two
charging scenarios of the EVs were considered; the first being
that the EVs are charged at night using Level 1 chargers, and
the second being that the EVs are charged during the day using
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Level 2 chargers. From the simulation results obtained, it is
observed that in both simulation scenarios, the charging of EVs
leads to an increase in the network total power losses because
of the EVs being extra loads to the electrical distribution
network. Nonetheless, the increase in power losses in the Level
1 charging scenario is lower compared to that in the Level 2
charging scenario and the reason for that is that the lower power
demand of Level 1 chargers is lower compared to that of Level
2 chargers. It can therefore be deduced that adopting the Level
1 charging scheme is better for the health of the electrical
distribution network as it leads to lower power losses and hence
less stress on the network compared to the Level 2 charging
scenario.

The future scope of this research will see the simulation of
both scenarios on the entire Nairobi aerial distribution network.
Also, a combination of Level 1 and Level 2 charging will be
considered as a third scenario.

REFERENCES

G. Handy, “History of Electric Cars,” Edison Tech Cent., no. April,
pp. 1-17, 2015, [Online]. Auvailable:
http://edisontechcenter.org/ElectricCars.html

J. Lee and G. L. Park, “Price effect analysis and pre-reseravtion
scheme on electric vehicle charging networks,” Int. J. Electr.
Comput. Eng., vol. 9, no. 6, pp. 5586-5595, 2019, doi:
10.11591/ijece.v9i6.pp5586-5595.

S. D. of T. Climate Change Unit, ‘“Performace and Implementation of
Climate Change Actions,” Transp. Sect. Clim. Chang. Annu. Rep.
2019-2020, pp. 1-40, 2020.

M. Moradijoz and M. P. Moghaddam, “Optimum allocation of
parking lots in distribution systems for loss reduction,” in IEEE
Power and Energy Society General Meeting, 2012, pp. 1-5. doi:
10.1109/PESGM.2012.6345291.

W. Ejaz, M. Naeem, M. R. Ramzan, F. Igbal, and A. Anpalagan,
“Charging Infrastructure Placement for Electric Vehicles: An
Optimization Prospective,” 2017.

Y. Xiong, J. Gan, B. An, C. Miao, and A. L. C. Bazzan, “Optimal
Electric Vehicle Fast Charging Station Placement Based on Game
Theoretical Framework,” IEEE Trans. Intell. Transp. Syst., vol. 19,
no. 8, pp. 2493-2504, 2017.

Republic of Kenya State Department for Transport, “Electric
Mobility in Kenya The Facts,” 2019.

T. O. Olowu, A. Sundararajan, M. Moghaddami, and A. |. Sarwat,
Future challenges and mitigation methods for high photovoltaic
penetration: A survey, vol. 11, no. 7. 2018. doi: 10.3390/en11071782.
U. C. Chukwu and S. M. Mahajan, “Real-Time Management of
Power Systems With V2G Facility for Smart-Grid Applications,”
IEEE  Trans. Sustain. Energy, pp. 1-9, 2013, doi:
10.1109/TSTE.2013.2273314.

J. A. Sanguesa, V. Torres-sanz, P. Garrido, F. J. Martinez, and J. M.
Marquez-barja, “A Review on Electric Vehicles : Technologies and
Challenges,” Smart cities, vol. 4, no. 1, pp. 372-404, 2021, doi:
https://doi.org/10.3390/smartcities4010022.

P. Wolfram and N. Lutsey, “Electric vehicles : Literature review of
technology costs and carbon emissions,” The International Council
on Clean Transport, no. 2016-14. pp. 1-23, 2016.
International Renewable Energy Agency (IRENA),
Vehicles: Technology Brief. Abu Dhabi, 2017.

Vermont Energy Investment Corporation, “Electric Vehicle Charging
Station Guidebook Planning for Instalation and Operation,” no. June.
pp. 1-75, 2014.

B. Faridpak, H. F. Gharigeh, M. Ferrokhifar, and D. Pozo, “Two-Step
LP Approach for Optimal Placement and Operation of EV Charging
Stations,” in IEEE PES Innovative Smart Grid Technologies Europe
(ISGT-Europe), 2019, pp. 1-5. doi:
10.1109/ISGTEurope.2019.8905469.

L. Dickerman and J. Harrison, “A New Car, a New Grid,” The
Electric Car is Back (with Help from New Batteries, a Smarter Grid,

(1]

[2]

(3]

[4]

(5]

(6]

(71

8]

(9]

[10]

[11]

[12] Electric

[13]

[14]

[15]

23

[16]

[17]

[18]

[19]

[20]

[21]

[22]

JKUAT Main Campus, Kenya

5 - 6 October, 2022
and Uncle Sam), no. april, pp. 55-61, 2010.
M. R. Sarker, H. Pandzic, and M. A. Ortega-Vazquez, “Electric
vehicle battery swapping station: Business case and optimization
model,” in International Conference on Connected Vehicles and
Expo, ICCVE, 2013, pp. 289-294. doi:
10.1109/ICCVE.2013.6799808.
F. Ahmad, M. S. Alam, L. S. Alsaidan, and S. M. Shariff, “Battery
swapping station for electric vehicles: Opportunities and challenges,”
IET Smart Grid, vol. 3, no. 3, pp. 280-286, 2020, doi: 10.1049/iet-
stg.2019.0059.
Y. Liang and X. Zhang, “Battery swap pricing and charging strategy
for electric taxis in China,” Energy, vol. 147, pp. 561-577, 2018, doi:
10.1016/j.energy.2018.01.082.
S. A. Oketch, C. M. Muriithi, and K. K. Kaberere, “Voltage Stability
analysis of Nairobi Area Power Distribution Network,” in Kenya
Society of Electrical & Electronics Engineeners & Japanese Society
of Applied Electromechanic Mechanics (KSEEE &JSAEM ), 2012,
no. August, pp. 1-9.
X. Luo, T. Hong, Y. Chen, and M. A. Piette, “Electric Load Shape
Benchmarking for Small- and Medium-Sized Commercial
Buildings,” Appl. Energy, vol. 204, no. 1, pp. 715-725, 2017, doi:
10.1016/j.apenergy.2017.07.108.
C. Hart and J. Wright, “Impact of novel and disruptive approaches /
technologies on a distribution utility : A Kenyan case study,” in
Energyexemplar, 2016, pp. 1-14. doi: 10.13140/RG.2.1.4234.3920.
Idaho National Laboratory, “2011 Nissan Leaf — VIN 0356,” 2011.
[Online]. Auvailable:
http://www1.eere.energy.gov/vehiclesandfuels/avta/pdfs/fsev/batter
y_leaf_0356.pdf



