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ABSTRACT 

     South Africa’s existing infrastructure predates the widespread adoption of Plug-in Electric 

Vehicles (PEVs). Given the current energy crisis, the introduction of PEVs’ charging activities 

into residential Low Voltage Distribution Networks (LVDNs) is anticipated to have an adverse 

impact on various LVDN system parameters, such as the potential for overloading 

transformers and lines, as well as the possibility of exceeding the voltage’s safe operational 

limits. This study models the impact of PEV charging activities on South Africa's LVDNs. 

Key factors to the study are the Voltage Unbalance Factor (VUF) and the Voltage Profile. 

Three scenarios are presented as case studies and simulated on DigSilent Power Factory, the 

simulations are conducted through a Quasi Dynamic Simulation(QDS) Load Flow 

Calculation. Case Study 1 and Case Study 2 assess PEV charging activities on the most and 

least loaded phases of the provided unbalanced network, including upstream and downstream 

charging at 50% and 100% charging rates, respectively. Results show that integration on 

heavily loaded phases could potentially destabilise the network, while charging on a least 

loaded phase reduces the unbalance factor. Case Study 3 adopts a stochastic approach to 

integrating PEVs into the network, providing a more realistic and dynamic overview of its 

potential impact. The LVDN and load profiles utilised in this study are derived from real-life 

data obtained from the City of Cape Town (CoCT). 
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Chapter 1 :  INTRODUCTION 

  

1.1. BACKGROUND  

     The transition from Internal Combustion Engine (ICE) to PEV plays a significant role in 

addressing the global challenges posed by greenhouse gas emissions and climate change. For 

instance, in South Africa road transport alone accounts for 91.2% of transport emissions from 

the combustion of ICE vehicles [1]. ICE vehicles depend on fossil fuels, such as petroleum, 

to convert chemical energy into mechanical energy, resulting in the emission of Carbon 

Dioxide (CO2) alongside other emissions [2]. CO2, a significant greenhouse gas, plays a crucial 

role in trapping heat within Earth's atmosphere, consequently intensifying global warming [3], 

thus posing a substantial environmental concern. Traditionally, ICE vehicles in South Africa 

have been the main vehicle used by residential citizens as their primary mode of transport. 

However, the transition towards PEVs as a viable multifaceted solution has emerged as a 

consequence of increased environmental awareness, technological advancements, the pressing 

need to mitigate air pollution and greenhouse gas emissions, and the ratification of the Kyoto 

Protocol and the Paris Agreement by the Department of Forestry, Fisheries, and Environment 

(DFFE), South Africa's primary custodian for overseeing Environmental Affairs. This 

prompted the Department of Trade, Industry, and Competition (DTIC) to lay the groundwork 

by publishing the Green Paper, which sets the stage for South Africa's journey toward a 

greener automotive future, focusing on transitioning from the ICE era to electro-mobility 

solutions and technologies. Subsequently, in December 2023 the publication of the White 

Paper followed, serving as a comprehensive policy document outlining the government's 

detailed strategy and specific proposals regarding the shift towards Electric Vehicles (EVs) in 

South Africa. 

     While policies strive to facilitate a smooth transition, a significant challenge arises from the 

country's capacity to deliver sustainable, high-quality energy, resulting in frequent occurrences 

of loadshedding to prevent a collapse of the entire power system [4]. Power grids are typically 
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designed to achieve a high load factor, indicating efficient utilisation of electrical resources. 

However, Eskom, South Africa’s primary power producer, has faced challenges in maintaining 

a high load factor due to various factors, including the ageing electrical infrastructure and 

declining average capacity factor, known as the Energy Availability Factor (EAF), of thermal 

plants. In response, Eskom has implemented the Integrated Demand Management (IDM) 

programme, which aims to optimise the load profile to increase high load factor (24/7) 

sales[5]. 

     Despite these efforts, the persistence of the power crisis highlights a closer examination of 

factors influencing grid stability. Maintaining a constant voltage is crucial for grid stability. 

When the force on electrons is steady, managing electron flow becomes easier, reducing losses 

and improving efficiency. This is especially important in areas with fluctuating electricity 

demands, such as residential loads. Understanding voltage stability is key, especially with the 

integration of new technologies like PEVs. This highlights the significance for Distribution 

Network Operators (DNOs) to comprehend the impact of voltage when integrating PEVs 

into the network. Therefore, proactive planning and coordination are critical to ensure the 

seamless integration of PEVs into the network while upholding voltage stability. This study 

aims to evaluate the extent to which PEV integration may disrupt voltage values and 

subsequently affect the Voltage Unbalance Factor (VUF). 

 

1.2. PROBLEM STATEMENT  

     The South African electrical grid was not originally designed to accommodate the charging 

demands of PEVs, prioritising a high load factor to reduce costs. However, with the increasing 

adoption of EVs, the stochastic integration of a large number of EVs charging simultaneously 

poses significant challenges. This uncontrolled or unlimited charging behaviour can lead to 

undesirable peaks in the utility grid, resulting in various issues such as increased power 

consumption, overloading of distribution transformers and lines, and high current in neutral 

due to phase unbalance and voltage fluctuations. 
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     Current studies relating to the impact of electric vehicles in South Africa predominantly 

focus on the feasibility and the environmental and economic aspects of EV integration. 

Consequently, knowledge and experience regarding the interaction and compatibility between 

charging patterns and the grid are limited, specifically within South Africa's low-voltage 

distribution network. The growing number of electric vehicles may exacerbate issues on the 

low-voltage grid, including transformer and feeder overloads, heightened peaks in electricity 

consumption, and stability concerns within the network. 

     Two primary concerns arise from the integration of electric vehicles: 

I. System Voltage Stability: 

     Given ongoing load shedding and demand reduction efforts, South Africa’s power grid 

operates with limited flexibility. In this context, the uncoordinated charging or discharging of 

PEVs introduces abrupt load fluctuations that can destabilize system voltage and frequency. 

This is particularly critical in residential low-voltage networks, where phase loading is often 

uneven. Concentrated charging on a single phase can worsen phase imbalances, elevate neutral 

currents, and degrade power quality ultimately placing added stress on already vulnerable 

infrastructure. 

 

II. Power System Stability: 

     The integration of large-scale EV charging activities with stochastic charging patterns may 

significantly reduce the transient stability limit and compromise overall system power stability. 

 

1.3. AIMS AND OBJECTIVES OF THE STUDY 

     The AIM of this study is to investigate the impacts of stochastic single-phase PEV 

charging, based on time, rating and location of charging at residential households on the 

Voltage profile and VUF. 
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• To identify and select a proper low-voltage distribution network with PEV charging 

stations, and to assess related parameters such as Voltage.  

• To develop a model of the selected low-voltage network with the main components, 

such as transforms, feeders and loads, using DigSilent.  

• To simulate different scenarios of uncoordinated PEV charging based on time, rating 

and location, and assess the impact on parameters, such as grid Frequency and Voltage 

Unbalance.  

• To recommend a suitable charging pattern that may minimise the issues based on the 

simulation results. These recommendations are based on energy efficiency and demand 

response methods.      

 

1.4. RESEARCH METHODOLOGY 

The following methods were applied for this research: 

     Literature Review: An extensive global literature review was conducted to explore the 

impact of stochastic PEV charging on distribution networks. The review focused on key 

technical aspects, particularly the effects on voltage levels across the network. Critical elements 

such as the rate of PEV charging, and the location and tapping level within the distribution 

network, were examined to assess their influence on network performance. The review 

included an analysis of South Africa’s electrical infrastructure to evaluate its readiness for the 

integration of electric vehicles.  

Data collection: To support the analysis, data such as load and voltage profiles were 

requested from the City of Cape Town’s municipality. This data was crucial for customising 

and formulating a mathematical model to simulate stochastic PEV charging patterns.  

 The following parameters were considered from the literature to establish a charging 

load profile: 

• PEV charging power 

• Energy required 
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• Charging duration 

• Start charging time 

 

 

 

The following factors were considered for the LVDN: 

• Transformer ratings 

• Charging location within the distribution grid 

• Voltage profile 

• Load profile 

 

     The primary aim of collecting this data was to assess the extent of voltage drops at 

distribution transformers, ensuring that these remain within tolerable limits. 

     Simulation Model using DigSilent PowerFactory: A simulation model was developed using 

DigSilent PowerFactory, focusing on a four-wire three-phase distribution network. The model 

aimed to evaluate voltage deviations and the VUF. A modified local utility network, specifically 

an 11kV network, was used as the base case study. The data collected was used to initialise the 

system parameters, with particular reference to the selected Low Voltage Distribution 

Network. 

     The simulation included load and power flow analyses to assess the impact on individual 

residential customers, voltage profiles at residential transformers (for both 380V three-phase 

and 230V single-phase systems), and overall system operations of the existing network. The 

scenarios included both pre-integration conditions and varying levels of PEV charging, from 

half to full loading on random phases, until voltage levels fell below the required limits. The 

same approach was applied to evaluate the network’s power system stability. 

     The simulation model was applied based on a four-wire three-phase distribution network 

for Voltage deviations and Unbalance Factors. This network will be a modified local utility 
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network (11kV network), which will be used as a base-case study network. The collected data 

will be used to initialise the parameters of the system, with reference to the selected Low 

Voltage Distribution Network. The simulation studies include a load/power flow analysis to 

assess the corresponding impacts from individual residential customers, voltage profiles at 

residential transformers (for the 380V three-phase and 230 single-phase system) and the 

system operations of the existing network (Base Network) before the integration of PEVs, 

and for half- to full-load charging of PEVs at random phases of the network, until the Voltage 

drops below the required limit. The same process will be followed for the network’s power 

system stability.  

     Recommendations: Information obtained from the simulation results will be used to advise 

both users and utility companies on the potential impacts of uncoordinated PEV charging. 

 

1.5. CONTRIBUTION TO KNOWLEDGE  

Scientific outcomes:  

● A power system model that can replicate the behaviour of an actual South African Low 

Voltage distribution grid, which may be used to study the impact of PEVs charging 

activities.  

● Baseline for South Africa to measure PEV impact. 

● Identified modelling gaps and proposing directions for future studies. 

Social impact:  

● The research will bring the recommendations to utilities and independent Electric 

Vehicle users faced with Impact of Stochastic integration of PEV’s charging activities 

to the LV Distribution grid of South Africa. 

1.6. HYPOTHESIS 

     Uncoordinated PEVs charging patterns have a significant impact on the Low Voltage 

Distribution Network, resulting in increased voltage fluctuations beyond tolerable limits. 
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1.7. DELIMITATION OF THE STUDY  

     As a result of the magnitude of this project, a prototype will not be built. Simulation results 

may be presented, analysed, and discussed, using actual data from the selected existing case 

study. 

1.8. PUBLICATIONS DURING THE STUDY 

     Conference paper: 

• Mongale, Tebogo, Kanzumba Kusakana, and Patric Manditereza. "Modelling the 

Impact of Uncoordinated Plug-In Electric Vehicles’ Charging Patterns on the Low 

Voltage Distribution Network." In 2024 7th International Conference on Electronics 

and Electrical Engineering Technology (EEET), pp. 21-28. IEEE, 2024.[92] 

 

1.9. THESIS LAYOUT 

     This thesis is divided into five chapters, with the main research results presented in 

Chapters 4. 

 

     Chapter 1 introduces the study by outlining the research context, objectives, methodology, 

and scope. 

 

     Chapter 2 reviews the integration of PEVs into South Africa's LVDN. It focuses on the 

impact of PEVs on network parameters like voltage profiles and VUFs. The chapter 

distinguishes between Zero Emission Vehicles (ZEVs) and Plug-in Hybrid Electric Vehicles 

(PHEVs), highlighting PEVs' role in reducing greenhouse gas emissions. Economic 

implications, power quality concerns, and coordinated charging strategies are also discussed. 

Finally, it explores managing PEV charging uncertainties using stochastic methods and 

summarising relevant studies on VUF, voltage stability, and smart charging strategies. 
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     Chapter 3 presents the modelling of the proposed Low Voltage Distribution Network and 

its system components, comprising an external source, step-down transformer, Bus Bars, 

Circuit Breakers, distribution cables, residential loads, and Plug-in Electric Vehicles. The 

mathematical model and the system components are then implemented in DigSilent 

PowerFactory for simulation.        

 

     Chapter 4 presents the simulation results, based on the integration of Plug-in Electric 

Vehicles with a modelled Low Voltage Distribution Network using DigSilent PowerFactory. 

The simulations are carried out to study the behaviour of the proposed Low Voltage 

Distribution Network’s Voltage characteristics with various integration scenarios of 

integrating PEVs, focusing on the rate, location and time of charge. 

 

     Chapter 5 presents the conclusions of the findings and provides recommendations for 

future research in the field of Low Voltage Distribution Network integration with Plug-in 

Electric Vehicles.  
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Chapter 2 : LITERATURE REVIEW 

 

2.1. INTRODUCTION 

     To understand the impact of PEVs on LVDNs, it is essential to examine the evolution of 

the transportation industry and how the shift from ICE vehicles to PEVs intersects with 

LVDN infrastructure. This chapter begins by exploring the progression from ICE vehicles to 

PEVs, the adoption strategies for PEV integration, and the resulting effects on LVDNs. It 

concludes with recommended integration methods specific to South Africa, and suggests areas for 

future research to support sustainable PEV adoption within the country's LVDN. 

2.2. Evolution of Internal Combustion Engine to Plug-in Electric Vehicles 

 

2.2.1. Internal Combustion Engine (ICE) 

     ICE vehicles are the conventional mode of transport globally. As suggested by the name 

‘ICE’, these vehicles rely primarily on the burning of fossil fuels for propulsion. This process 

combines air and fuel, then compresses them using a piston, and ignites the mixture to cause 

an explosion, as shown in Figure 2.1. The explosion forces the piston down, thereby creating 

a power stroke that rotates the crankshaft, which initiates the cycle for the other pistons, 

Figure 2.1: Combustion Engine Process [6] 
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resulting in a continuous rotation of the crankshaft that is eventually linked to the vehicle's 

wheels. 

 

 

 Figure 2.2 shows an image of a typical ICE vehicle, which consists of a Combustion Engine. 

When an ICE vehicle is ignited, the fuel system injects gasoline or diesel into the engine and 

the air intake system pulls in air from outside. In a gasoline engine, a spark plug ignites the 

fuel-air mixture, causing a controlled explosion, while in a diesel engine, the mixture ignites 

from the high pressure and heat created by the piston [6]. This explosion pushes the pistons 

down, turning the crankshaft and converting the fuel's energy into mechanical power that 

moves the car. This process produces several byproducts, including CO2, carbon monoxide 

(CO), nitrogen oxides (NOx), and unburned hydrocarbons. The exhaust valve then opens, 

allowing the piston to push these byproducts out of the combustion chamber. These exhaust 

gases travel through the engine's exhaust system and are eventually released into the 

atmosphere through the vehicle’s tailpipe. 

Internal  
Combustion 
Engine 

Fuel Tank 

Figure 2.2: Internal Combustion 
Engine Vehicle 
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2.2.2. Types of Electric Vehicles 

     An EV is a type of vehicle designed to use electrical power for propulsion. Unlike traditional 

vehicles powered by ICEs that burn fossil fuels to generate motion, EVs operate using 

electricity stored in batteries. This electrical energy is then used to supply an electric motor to 

convert electrical energy to mechanical energy. When applying the brakes the opposite occurs. 

The motor now works as a generator to convert the vehicle’s kinetic energy into electrical 

energy to be stored in batteries[7]. 

     Authors [8-10], collectively emphasise that PEVs rely on external electrical sockets for 

recharging, thus supporting the core concept of PEV functionality. 

     Lombardi et al. discuss the integration of PEVs into modern power systems, highlighting 

their battery storage systems, which allow them to both consume from and supply energy to 

the grid via vehicle-to-grid (V2G) technology[8]. 

     Similarly, Martínez addresses the challenges and infrastructure demands of widespread EV 

adoption. It introduces a dynamic framework for understanding evolving EV charging 

profiles, focusing on the growing need for accessible charging infrastructure to meet future 

charging demands [9].  

     Savari et al. expand on the technological aspects of EV charging, including infrastructure 

and customer experience. It emphasises the increasing attention EVs have received due to 

their ability to reduce fossil fuel consumption and emissions, driven by the advancement of 

charging technology and infrastructure. The discussion of charging station selection and power 

transfer technologies highlights the practical side of recharging PEVs via external sockets [10]. 

     An illustration of the fundamental operational principle of a general electric vehicle is seen 

in Figure 2.3. When the ignition is turned on, the operation of an electric vehicle begins with 

the activation of the battery pack, initiated by the vehicle’s control system during the power-

up sequence. Once the battery pack is active, the direct current (DC) stored in the battery is 
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converted to alternating current (AC) by the inverter. This AC is then supplied to the electric 

motor, which converts the electrical energy into mechanical energy. This mechanical energy is 

transmitted through the reduction drive to the wheels, propelling the vehicle forward. During 

braking, the electric motor operates in reverse, capturing and reusing energy that would 

otherwise be lost. As the wheels turn the motor in this regenerative braking process, electricity 

is generated, slowing down the vehicle and recharging the batteries. 

 

 

Figure 2.3: Electric Vehicle Powertrain 

 

2.2.3. Hybrid Electric Vehicles (HEVs): 

     HEVs use a combination of an ICE and an electric motor to power the vehicle, depending 

on various propelling configurations (Series or Parallel). HEVs rely on the mechanical energy 

from the engine during propulsion and the vehicle’s wheels during braking to charge its 

onboard batteries. The stored energy can later power the electric motor, helping to propel the 

vehicle and improve efficiency, reducing emissions from ICE vehicles.  Holmén and 

Battery Pack

Electric Motor 
Engagement

Transmission

Regenerative 
braking

https://scholar.google.com/citations?user=RWH_ANcAAAAJ&hl=en&oi=sra
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Sentoff illustrate how the stored energy in HEVs used to power the electric motor, contributes 

to improved efficiency and reduced emissions [11]. 

 

            
                                               Figure 2.4: Hybrid Electric Vehicle 
 

2.2.4. Plug-in Electric Vehicles (PEVs):  

     A PEV is a type of electric vehicle that can be recharged by plugging it into an external 

source of electricity. It includes both Battery Electric Vehicles (BEVs) that run solely on 

electric power, and PHEVs that combine electric and ICE power. Despite variation in the 

charging rate, which is subject to the manufacturer’s specifications, a 3.3kW charging rate has 

been mostly used as a baseline[12].  

     Binetti et al. conducted a study on large-scale penetration of EVs charging at 3.3kW in 

residential areas. The results showed signs of grid instability through increased peak loads, 

voltage drops, and system losses. Coordinated charging strategies, such as the S-RTG 

algorithm, were proposed to mitigate these effects by optimising charging times based on EV 

owner preferences, reducing voltage unbalance and improving overall grid performance[13] 
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Motor Generator 
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Figure 2.5: Plug-in Electric Vehicle Powertrain 

 

 Table 2.1 below showcases the vehicle sales of Hybrid Electric Vehicles in South Africa. It 

highlights the widespread adoption of HEVs across various brands and models, with a total 

of 4 924 units sold: 

 

Table 2.1: Hybrid Electric Vehicles Sales [85] 

HYBRID ELECTRIC VEHICLES  Vehicle Sales 

TOYOTA Prius 1 166 

LEXUS RX 602 

TOYOTA Auris 448 

HONDA JAZZ 393 

TOYOTA Yaris 390 

HONDA CR-Z 333 

LEXUS CT 321 

MERCEDES S-Class 225 

LEXUS GS 177 

Battery Pack

Electric Motor 
Engagement

Transmission

Regenerative 
braking

/

External 
Charging
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HONDA Insight 165 

LEXUS ES 118 

MERCEDES E-Class 104 

LEXUS UX 82 

PORSCHE Cayenne 79 

BMW 3 Series 76 

INFINITI 050 68 

BMW 5-Series 57 

LEXUS NX 54 

PORSCHE 25 

LEXUS LS 17 

LEXUS 15 10 

BMW 7-Series 8 

CITROEN DSS 6 

Grand Total 4 924 

 

 

 

2.2.5. Plug-in Hybrid Electric Vehicles (PHEVs): 

 

     Similar to an HEV, a PHEV is technically a type of HEV. It also combines an ICE with 

an electric motor to enhance efficiency and performance. The key difference between a 

PHEV and a traditional HEV is that a PHEV's batteries can be charged from an external 

electrical source, such as a wall socket or charging station. This allows PHEVs to operate 

solely on electric power for a certain range, reducing fuel consumption and emissions 

compared to conventional HEVs, which rely primarily on regenerative braking and the 

ICE to charge their batteries. 
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Figure 2.6: Plug-in Hybrid Electric Vehicles 

      

Figure 2.6 shows a typical PHEV. It can be charged using a Type 2 connector and supports a 

maximum AC charging rate of 3.7 kW, allowing it to be conveniently charged at home or at 

public charging stations. However, it does not support DC fast charging. With a 3.7 kW 

charger, the battery takes approximately five hours to fully charge from empty. Once fully 

charged, the XC90 Recharge can travel up to ±80 km on electric power alone, making it an 

ideal choice for daily commutes and short trips. For longer journeys, it offers the flexibility to 

switch to petrol. 

     Table 2.2 below highlights the sales of Plug-in Hybrid Electric Vehicles (PHEVs) in South 

Africa, showing a total of 574 units sold across various models: 
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Table 2.2: Plug-In Hybrid Electric Vehicles Sales [85] 

PLUG-IN HYBRID ELECTRIC VEHICLES (PHEV) Sum of Vehicle Sales 

BMW i3 295 

VOLVO XC90 175 

BMW X5 31 

MERCEDES C-Class 29 

LR Range Rover Sport 16 

MERCEDES GLE 12 

BMW 7-Series 5 

LA Range Rover 5 

MERCEDES S-Class 4 

BMW 3 Series 2 

Grand Total 574 

 

2.2.6. Battery Electric Vehicles (BEVs): 

     BEVs are fully electric vehicles that rely exclusively on electricity stored in high-capacity 

batteries to power an electric motor for propulsion. BEVs produce zero emissions during 

operation, as they do not have an internal combustion engine and thus do not burn fossil fuels. 

The environmental impact of BEVs depends on the source of the electricity used for charging; 

ideally, using renewable energy sources minimises their carbon footprint. BEVs must be 

charged using external power sources, including Level 1 (standard household outlets), Level 2 

(240V outlets typically found in homes and public charging stations), or DC fast charging 

(high-speed charging at dedicated stations). Charging times and ranges vary, with ranges 

typically spanning from ±160 to more than 640 km per charge, depending on the model and 

battery capacity. The advantages of BEVs include zero tailpipe emissions, lower operating and 

maintenance costs, and various government incentives.  
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     However, they face challenges such as limited range compared to gasoline vehicles, longer 

refuelling times, and reliance on an expanding charging infrastructure. 

     Table 2.1 below presents an overview of BEV sales in South Africa as of December 2019. 

It highlights the sum of vehicle sales for three key models: BMW i3, Nissan Leaf, and Jaguar 

I-PACE, indicating the growing but still limited adoption of BEVs in the country.  

 

 

 

Figure 2.9: Battery Electric Vehicles 

 

Table 2.3: Battery Electric Vehicles Sales [85] 

BATTERY ELECTRIC VEHICLES (BEV) (Dec 2019) Sum of Vehicle Sales 

BMW 13 405 

NISSAN LEAF 94 

JAGUAR I-PACE 46 

Generator Motor 

Batteries 

Figure 2.8:Tesla Model X 
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Grand Total 545 

 

2.3. SOUTH AFRICA’S ELECTRICAL INFRASTRUCTURE  

     South Africa’s current electrical infrastructure is facing severe pressure from the load side, 

causing Eskom, South Africa’s main power producer, to resort to loadshedding. Various 

studies have been conducted to evaluate mitigative actions. 

     Nowakowska and Tubis explored the energy system in South Africa, focusing on the issue 

of loadshedding and its implications for necessary changes to existing solutions. Eskom 

supplies over 95% of the country's energy and has instituted a programme of loadshedding, 

defined as intentional power shutdowns that affect the entire nation [14]. 

     Ayamolowo et al. conducted a study that examined the evolution of South Africa's power 

system from the pre-apartheid to the post-apartheid era, addressing reforms aimed at meeting 

a rising energy demand. It highlighted the potential of the country's renewable energy 

resources and reviewed government initiatives to create a renewable energy dominated grid. 

Key performance metrics were evaluated, and challenges in the energy system were identified, 

alongside a proposed model for achieving a predominantly renewable energy grid [15]. 

      

2.4. ENVIRONMENTAL BENEFITS OF PLUG-IN ELECTRIC VEHICLES 

     PEVs offer significant environmental benefits compared to ICE vehicles. The primary 

advantage is the reduction in greenhouse gas emissions, as PEVs produce zero tailpipe 

emissions when operating in electric mode. This contributes to improved air quality and 

helps mitigate climate change by reducing the overall carbon footprint of the transportation 

sector. 

     Human activities, such as burning fossil fuels for energy, transportation, and industrial 

processes, release greenhouse gases (GHGs) into the atmosphere. These gases, including CO2, 

methane (CH4), and nitrous oxide (N2O), trap heat and contribute to the warming of Earth's 
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surface. The accumulation of GHGs leads to significant environmental impacts, such as more 

frequent heatwaves, altered rainfall patterns, and disruptions to agriculture and water 

resources. This environmental phenomenon, driven by human activities and energy 

consumption, is referred to as greenhouse gas emissions. In South Africa [16] and other parts 

of the world [17] where the electricity grid is predominantly coal-reliant, studies indicate that 

while PEVs have the potential to reduce CO2 emissions compared to petrol vehicles, the 

benefits may be offset by higher emissions of other pollutants like NOx and SOx. 

     The link between PEV and carbon emission is a concept known as carbon intensity. 

Carbon intensity refers to the amount of CO2 emissions produced per unit of energy or 

electricity generated, typically measured in grams of CO2 emitted per kilowatt-hour (g 

CO2/kWh) of electricity. This metric is used to assess the environmental impact of energy 

production. A related concept is the carbon intensity of Gross Domestic Product (GDP) [18], 

which measures CO₂ emissions per unit of economic output, typically expressed as kilograms 

of CO₂ per dollar/rand of GDP (kgCO₂/$GDP). It aims to evaluate how efficiently an 

economy uses energy and produces goods and services relative to its carbon emissions.   

     While Plug-in Electric Vehicles (PEVs) are often lauded for their potential to reduce 

greenhouse gas (GHG) emissions during operation, a more comprehensive evaluation requires 

a life cycle approach. This includes emissions and environmental impacts from: 

• Raw material extraction (especially lithium, cobalt, and nickel for batteries), 

• Battery manufacturing and vehicle assembly, 

• Electricity generation mix used during charging, 

• End-of-life disposal and recycling processes. 

Recent life cycle studies suggest that PEVs typically surpass internal combustion engine 

vehicles (ICEVs) in environmental performance within 2 to 5 years of use, depending on 

factors like vehicle size, battery capacity, and the carbon intensity of the local grid. In regions 
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transitioning to low-carbon electricity—such as through increased reliance on renewables—

this payback period tends to be shorter. 

To enhance the environmental benefit of PEVs, strategies such as battery recycling, ethical 

sourcing of raw materials, and grid decarbonization are critical. Therefore, while PEVs present 

a viable pathway for decarbonizing the transport sector, their full sustainability potential is 

best realized in conjunction with systemic changes in energy and material flows. 

     Table 2.4 aims to summarise various studies that examine the challenges and opportunities 

related to PEV adoption in South Africa. It highlights key findings regarding environmental 

impacts, economic barriers, infrastructure needs, and the importance of integrating renewable 

energy sources. The table provides insights into how these factors influence the sustainability 

and feasibility of transitioning to electric mobility in the region. 

 

Table 2.4: Additional Literature on the Environmental Impact of PEVS 

S/N 

 

 

Author Study Key Take Away 

a b c 

[19]  Mokhele The study discusses concerns about the 

environmental impact of traditional gas-

powered vehicles. It highlights the need for 

alternative propulsion systems like electric 

motors. The study found that high costs are 

the main barrier to PEV adoption in Gauteng 

province, with respondents supporting 

government subsidies and improved charging 

infrastructure.  

1. PEVs are expensive to purchase. 

2. Government financial incentives 

are favoured. 

3. Need for charging infrastructure. 

4. Collaborative effort needed: A 

supportive environment from all 

stakeholders is crucial for PEV 

adoption. 
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[20]  Singh et al. Public transport impacts society and the 

environment. EVs are seen to cut greenhouse 

gas emissions, but this depends on the source 

of electricity. In South Africa, with its current 

reliance on fossil fuels, EVs might not be more 

eco-friendly than gas-powered cars. This study 

found that using 100 electric taxis in 

Johannesburg will only reduce emissions 

significantly if renewable energy is used at 

charging stations.  

 

1. Electric Vehicles & Emissions: 

PEVs may not reduce emissions 

much with the current power mix. 

2. Increased renewable energy for 

charging could make EVs more 

sustainable. 

4. Policy Suggestion: Future planning 

should include EVs in energy 

forecasts for better sustainability. 

[21]  Pillay et al. This study developed the E-StratBEV model 

to estimate the impact of replacing ICEVs 

with BEVs. It finds that with the current coal-

heavy electricity generation, BEVs offer 

minimal environmental benefits, though 

incorporating renewable energy at charging 

stations could improve their sustainability. 

Economic factors, such as high vehicle 

purchases relative to income, also affect BEV 

adoption and affordability in provinces like 

Gauteng, Western Cape, and KwaZulu-Natal. 

1. BEVs may not reduce emissions 

significantly in the short term due to 

reliance on coal-powered electricity. 

2. Using renewable energy at charging 

stations could improve BEVs' 

environmental benefits. 

3. Economic factors and credit 

availability impact BEV adoption and 

should be considered in energy 

planning. 

[22]  Buresh The study investigated the potential impact of 

PEVs on South Africa's power grid and 

environmental goals. It finds that while EVs 

could offer significant benefits, their 

effectiveness is limited by the reliance on coal-

powered electricity. The study reveals that 

1. Grid Capacity: The current grid 

needs upgrades to support PEVs 

integration. 

2.  RES should be considered for grid 

capacity enhancement. 



 

23 
 

© Central University of Technology, Free State 

without intervention, the grid cannot support 

large-scale EV charging. However, 

incorporating solar-powered charging stations 

and implementing smart charging strategies 

can enhance grid capacity, reduce costs, and 

boost revenue for employers, emphasising the 

importance of integrating renewable energy 

and advanced charging solutions for 

sustainable EV adoption. 

3. Smart charging strategies can 

manage demand and increase 

revenue. 

[23]  Buresh et al. This study evaluates how electrifying vehicles 

in South Africa could strain the coal-reliant 

power grid and worsen emissions. It suggests 

that installing solar panels at workplaces for 

EV charging could reduce the grid burden, 

make EVs more eco-friendly than petrol cars, 

and provide financial benefits for both car 

owners and service providers. 

1. Charging EVs from South Africa’s 

grid could overload it and worsen 

emissions. 

2. Solar charging at work makes EVs 

cleaner than petrol cars. 

3. Solar charging is financially 

beneficial for both vehicle owners 

and service providers. 

[24]  Mokhele and 

Mphethe 

The study assessed the impact of EVs on 

carbon emissions in Gauteng, South Africa. It 

found that with 20% EV adoption, emissions 

could be reduced by 30% to 35% in a 

mitigation scenario, but might increase by 1% 

to 41% under other scenarios. The study 

emphasises the need for faster EV adoption to 

effectively cut emissions. 

1. Emissions may rise by 1 to 5% 

without changes. 

2. EVs could reduce CO2 emissions. 

3. The need for accelerated EV 

adoption to meaningfully reduce 

emissions. 
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[25]  Ateba The study highlights the global shift towards 

EVs to reduce greenhouse gas emissions, 

noting that China’s rapid adoption has strained 

its grid and increased carbon emissions due to 

coal-based electricity. It advises South Africa, 

which plans for 50% EVs by 2050, to adopt a 

more gradual approach. Key 

recommendations include reevaluating 

deployment models, ensuring grid stability, 

and considering market and technology 

trends. The study stresses learning from 

China’s experience to inform South Africa’s 

EV policies. 

1. China's Strain: Rapid EV adoption 

has strained China’s grid and 

increased emissions. 

2. A slower PEV adoption approach 

is recommended for SA. 

3. High EV adoption could cause 

low-voltage and grid issues. 

 

 

       The literature review reveals that while PEVs are widely regarded as a solution to reduce 

greenhouse gas emissions from conventional vehicles, their effectiveness in South Africa is 

contingent upon several critical factors. High purchase costs, inadequate charging 

infrastructure, and heavy reliance on coal-based electricity pose significant challenges to 

widespread PEV adoption. 

 

2.5. ECONOMIC IMPLICATIONS OF PEV INTEGRATION 

     The aggregated challenges of PEV integration include overloading, which could lead to 

significant economic losses, especially in developing and underdeveloped countries. Deb et al. 

indicate that improper placement of EV charging stations, particularly fast-charging stations, 

leads to overloading, causing voltage instability, reduced reserve margins, and power losses, 

which negatively affect the reliability and efficiency of the power system. These technical issues 

translate into significant economic losses, particularly for utilities that face penalties for system 

performance degradation. In developing and underdeveloped countries, where power 
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infrastructure is often less resilient, the economic strain of addressing these challenges is more 

pronounced, reinforcing the need for careful planning to prevent overloading and mitigate 

financial losses [26]. 

     Overloading increases power demand and causes voltage fluctuations due to increased 

current flow in the neutral line. South Africa (SA) is currently witnessing a gradual but steady 

integration of PEVs into its transportation system. However, SA’s electrical infrastructure has 

not been designed to cater for the charging of PEVs. Bokopane et al. support the statement 

by highlighting the challenges South Africa faces in its electrical infrastructure concerning the 

integration of EVs. They contend that while factors such as energy security, accessible 

charging options, and policies influence EV adoption, South Africa's current electrical grid is 

not fully prepared for the high demand caused by widespread EV penetration. This inadequacy 

of the infrastructure, especially in terms of handling increased power demand, leads to 

overloading and voltage fluctuations, particularly as the system has not been originally 

designed to support the charging needs of PEVs. The study's assessment of the country's 

readiness aligns with the concerns that overloading will exacerbate existing issues, such as 

voltage instability, due to the increasing load on an already strained electricity network [27]. 

     However, for residential networks, the current load modelling techniques applied in the 

South African National Standards (SANS), a reference document governing design standards, 

do not consider PEVs as a general household load [28], as existing design models predate the 

adoption of PEVs. Furthermore, SA is currently battling power challenges and often manages 

various loadshedding stages to avoid a total collapse of the country’s power supply [29]. 

 

2.6. POWER QUALITY AND NETWORK STABILITY 

     The parallel developments of increasing PEV integration and SA’s continued power quality 

challenges necessitate studying the impact of PEVs on the LVDN. Studies have been 

conducted in this area. Anti´ et al. [30] examined the impact of integrating low carbon (LC) 

technologies, including PEVs, on the VUF in a low-voltage LVDN. They showed that 
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penetration of single-phase loads and distributed generators, like PVs and EVs, can increase 

voltage unbalance, potentially harming power quality (PQ). The results indicate that while 

these technologies can elevate VUF, proper management allows PQ values to remain within 

the standards set by EN 50160 and IEC 61000-3-13 These are similar to the South African 

version SANS 61000-3-2, which outlines the voltage characteristics and acceptable limits for 

power quality parameters in public distribution networks. 

 

2.6.1. Voltage Profile Characteristics 

     As part of the voltage profile characteristics, Niels et al. [31] documented a non-compliant 

VUF in relation to the EN50160 standards. The author quantified the impact of single-phase 

on-board charging strategies for PEVs within a heavily loaded, unbalanced Flemish three-

phase low-voltage residential grid. It modelled two strategies – voltage droop charging and 

PEV-based peak shaving – without requiring communication with the distribution grid. It 

analysed grid voltages against the probabilistic and deterministic limits of the EN 50160 

standard at a 100% PEV penetration rate. The findings indicated that voltage droop charging 

effectively eliminated critical voltages below 0.85 pu and reduced voltage unbalance, with 

minimal effect on overall charging time. In contrast, EV-based peak shaving ensured full 

compliance with EN 50160, thereby avoiding the need for infrastructure upgrades, while 

electrically driven distances remained unaffected by the charging strategies. 

     From a hosting capacity perspective, Leemput et al. conducted a subsequent study that 

observed an inversely proportional relationship between the charging rate and hosting 

capacity. They found that, while fast charging had a minimal impact on the grid, the slow 

charging strategies, particularly residential off-peak charging, resulted in the lowest hosting 

capacity due to load synchronisation effects. This highlights the importance of incentivising 

grid-friendly charging practices, as adopting these strategies significantly enhances the EV 

hosting capacity compared to the effects of fast charging [32].  
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     While Deb et al. show that placing fast-charging stations at stronger bus bars can be 

managed effectively, while placement at weaker bus bars can lead to voltage instability [26]. 

Koundinya et al. establish a load profile for EV Charging Stations and examine their impact 

on the static voltage profile of the distribution system. By calculating the Voltage Stability 

Index (VSI) and Voltage Stability Factor (VSF), they provide a detailed analysis of how EV 

loads can alter the voltage profile and stability of both upstream and downstream bus bars. 

The results emphasise the need to assess the strength of these bus bars to ensure stable 

operations when integrating EV charging loads. Both studies indicate that understanding the 

strength of bus bars is crucial for maintaining system stability [33]. 

 

2.6.2.   Coordinated Charging Strategies 

     Coordinated charging strategies refer to systematic approaches designed to optimise the 

charging processes of PEVs within electrical distribution networks. These strategies aim to 

mitigate the negative impacts of uncoordinated charging, such as voltage fluctuations and 

increased grid stress, by aligning charging schedules and rates with grid conditions and demand 

patterns. Although this study did not focus on coordinating charging per se, it discussed the 

characteristics of coordinated charging within the context of uncoordinated charging activities. 

By modelling the impact of stochastic PEV charging behaviours, the study highlighted how 

these characteristics influenced the overall performance of the low-voltage distribution 

network. Understanding these dynamics was important for analysing how varying user 

behaviours, charging times, and power demands affected power quality and system reliability, 

ultimately supporting the integration of renewable energy sources.    

     A key takeaway from Kikhavaniet al. is that an algorithm effectively coordinated the PEV 

charging and discharging processes of Grid to Vehicle (G2V) and V2G, leading to significant 

improvements in power quality, voltage profiles, and current balance within unbalanced low-

voltage distribution systems. By optimising phase assignments and managing the integration 

of PEVs, the algorithm reduced grid stress and enhanced overall system stability [34]. 
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     In a probabilistic analysis study utilising the Monte Carlo approach, Angelim examined the 

impact of PEVs on voltage quality within distribution systems. The research employed real 

statistical data to model user behaviour, revealing a tendency for voltage degradation as the 

penetration level of electric vehicles increased. This approach emphasised the importance of 

understanding variability in load behaviours, and provided insights into the system's 

performance that would not have been captured through deterministic methods. The findings 

highlighted significant issues such as voltage unbalance (VU) and undervoltage (UV) 

occurrences, thereby enhancing the overall understanding of network reliability under varying 

conditions [35]. 

 

2.6.3. Electric Vehicle-to-Grid- and Grid-to-Electric Vehicle Technology 

          When considering loadshedding, multiple studies view PEVs as part of a solution rather 

than a contributing factor [36]. The study suggested that, despite the significant and somewhat 

unpredictable load that PEVs represent during battery charging, they can also function as a 

critical renewable source for the grid that acts as a substantial reserve. This capability allows 

PEVs to supply auxiliary services to the grid, which can help manage fluctuations in energy 

supply and demand. Thus, when considering loadshedding, the study aligns with others that 

view PEVs not merely as additional loads that could strain the grid, but as integral components 

of a solution that enhances overall grid stability and efficiency. 

     Liu et al. authored subsequent studies. The former illustrated the potential of PEVs as 

integral components in addressing under-frequency loadshedding challenges. By proposing 

adaptive strategies that enabled EVs to participate in under-frequency loadshedding, the 

research underscored how EVs could act as distributed energy storage resources to enhance 

frequency stability and reduce power outages. The hierarchical framework developed for 

coordinating communication between the control centre, PEV charging stations, and PEV 

terminals ensured that PEVs could effectively respond to loadshedding events. The study 

emphasised coordinated strategies that leveraged EVs' capabilities to mitigate the adverse 
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effects of load shedding, thereby filling a critical gap in understanding how network parameters 

were affected when PEVs were integrated into systems facing loadshedding scenarios [37].  

     The latter marked a significant advancement by being the first to propose adaptive under-

frequency loadshedding electric vehicle strategies, enabling the active participation of PEVs in 

under-frequency loadshedding. It developed a hierarchical framework that facilitated the 

dispatch of instructions from the control centre to EVs, based on real-time information 

exchange among the control centre, EV Charging Stations, and EV terminals. This framework 

ensured system frequency stability while significantly reducing the need for load removal 

during under-frequency loadshedding events [38].  

 

2.7. ADDRESSING UNCERTAINTIES IN PEV CHARGING 

     The biggest challenge with uncertainties is to model their impact accurately and effectively. 

This often involves complex statistical methods and assumptions, which can be difficult to 

validate and may not always capture the true nature of the uncertainties involved. Uncertainties 

associated with PEV charging, such as when to charge, for how long, who is charging, and 

where on the network charging occurs, have led authors to explore the inter-operability of 

multiple software applications to address these uncertainties.  

     In [39], a stochastic modelling and simulation technique is proposed to analyse the impact 

of PEV charging demands on distribution networks. It distinguishes itself from previous 

deterministic approaches by utilising actual measurements and survey data to derive feeder 

daily load models, EV charging start times, and battery state of charge. By incorporating 

stochastic parameters through methods like roulette wheel selection, the research has 

generated distribution operation security risk information, including potential over-current 

and under-voltage scenarios, derived from three-phase distribution load flow studies. The 

study defines voltage and congestion impact indicators and compares deterministic and 

stochastic analytical approaches to demonstrate the essential information needed for 

distribution network reinforcement planning. Numerical results illustrated the effectiveness of 
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the proposed stochastic models in reflecting system losses and security impacts of EV 

integration. These findings underscore the uncertainties associated with PEV charging, 

including the timing, duration, participant, and location of charging events. Consequently, the 

study indicates that authors have increasingly explored the inter-operability of multiple 

software applications to address these uncertainties effectively, marking a shift toward more 

dynamic and adaptable solutions in managing EV integration within distribution systems. 

Furthermore, uncertainties associated with PEV charging, such as when to charge, for how 

long, who is charging, and where on the network charging occurs, have led authors to explore 

the inter-operability of multiple software applications to address these uncertainties.  

     Ghadimi has leveraged DigSilent PowerFactory in conjunction with a Python script for 

stochastic analysis to address uncertainties related to PEV charging, such as when and where 

charging occurs. PHEVs are designed for home or corporate charging, and PowerFactory's 

Application Programming Interface (API) was used to call an external Python file, automating 

various tasks and processes [40].  

     One widely adopted approach for stochastic integration in DigSilent PowerFactory (a 

widely used power system software) involves using a Probabilistic Analysis method [41-44]. 

This method facilitates energy analysis by representing uncertainties as distribution functions 

and utilises the Monte Carlo method to generate a load-flow report.  

 

2.8. ADDITIONAL LITERATURE REVIEW  

    A further general literature review conducted is reflected below in Table 2.5, which discusses 

studies that integrate PEVs into the distribution systems.  
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Table 2.5: Additional Literature Review 

Author 

PEV Charging Impact on the Grid 

Title Methods used Results Recommendation 

a b c d 

[45] Tomislav et 

al. 

(2021) 

A Comprehensive 

Analysis of the 

Voltage Unbalance 

Factor in PV and 

EV Rich Non-

Synthetic Low 

Voltage Distribution 

Networks 

Conducted a quantitative 

descriptive study using a web-

based survey in Gauteng 

Province. Sampling Likert-scale 

questions on EV technology. 

Data analysed using 

percentages and chi-square 

tests for demographic 

differences. 

 

High EV prices are the main 

barrier to adoption in Gauteng. 

Strong support exists for 

government incentives like 

subsidies, tax rebates, and 

improved charging infrastructure. 

Majority prefers EVs with 

increased driving range. Charging 

stations at fuel stations and 

workplaces are crucial for 

adoption. Responses vary 

significantly by gender, education, 

region, and car type. 

Introduce EV purchase 

incentives, expand charging 

infrastructure, increase EV 

model variety, raise awareness, 

and implement dedicated lanes 

and toll exemptions for EVs. 

[46] Jabalameli 

et al. 

(2019) 

Stochastic 

Assessment of Plug-

in Electric Vehicles 

Charging in LV 

Distribution 

Network on Voltage 

Unbalance 

Developed a model examining 

PEV penetration, charging rate, 

and location using a Monte 

Carlo simulation over a 24-

hour period for Australia. 

Uncoordinated PEV charging 

leads to substantial voltage 

unbalance and transformer 

overloading. Coordinated 

charging reduces these issues by 

shifting charging to off-peak 

hours. Voltage unbalance is more 

significant at the feeder's end than 

at the beginning. The phase 

Continue implementing smart 

charging strategies to manage 

PEV charging activities. Place 

PEVs on lower load phases to 

reduce voltage imbalance. 

Consider the location and rate 

of PEV charging in planning 

and managing LV distribution 

networks. 
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connection of PEVs (high load 

phase vs. low load phase) greatly 

influences voltage unbalance. 

[47] Razmara et 

al. 

(2016) 

Bilevel optimization 

framework for smart 

building-to-grid 

systems 

Developed mathematical 

models of commercial 

buildings and the distribution 

grid to optimize operations. 

Applied a bilevel solution 

approach for interaction 

between building energy 

management system and DSO 

control centres. Introduced a 

building to grid index to assess 

optimal building-grid 

operations while maximizing 

load factor and minimizing 

energy costs. 

The framework integrates 

building and grid operations, 

balancing energy cost reduction 

and improving grid load factors. 

The building-to-grid index 

reduces costs and improves load 

factors with bilevel optimization. 

 

Continue using bilevel 

optimization for coordination 

between building energy 

management and the grid, with 

further research on 

infrastructure, forecasting, 

scalability, and communication. 

 

[48] He et al. 

(2012) 

Optimal scheduling 

for charging and 

discharging of 

electric vehicles 

Mathematically formulates 

Global Scheduling 

Optimization and Local 

Scheduling Optimization as 

convex optimization problems, 

and are solved using interior 

point methods 

Global scheduling minimizes 

costs but is impractical, while 

local scheduling is nearly as 

effective and more practical. Both 

reduce costs and flatten load 

profiles, with battery lifetime 

impact considered. 

Adopt the scalable locally 

optimal scheduling scheme for 

dynamic EV arrivals, enhance 

forecasting accuracy for 

improved efficiency, and 

integrate factors like battery 

degradation and user 

preferences in future work. 
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[49] Shaukat et 

al. 

(2018) 

A survey on electric 

vehicle 

transportation within 

smart grid system 

Review existing research on 

transportation electrification 

technologies, focusing on 

Vehicle-to-Grid technology, 

energy storage in EVs, and 

charging infrastructure. It 

addresses the challenges and 

benefits of energy storage 

technologies in EVs, including 

technical performance and 

economic implications. 

EVs offer significant 

environmental and economic 

benefits, including reduced 

emissions and lower 

transportation costs. 

Develop smart charging and 

V2G technology for optimal 

EV integration. 

Advance energy storage 

research to improve 

performance and reduce costs. 

Establish regulations and 

standards for smooth EV 

integration into the SG. 

[50] Fachrizal et 

al. 

(2021) 

Combined PV EV 

hosting capacity 

assessment for a 

residential LV 

distribution grid with 

smart EV charging 

and PV curtailment 

Integrated different energy 

management system scenarios 

using a Stochastic time series 

for the energy profiles used. 

Combining smart EV charging 

and PV curtailment+ offers the 

best overall performance. 

Explore integrating battery 

energy storage systems and 

other demand-side 

management strategies for 

enhanced grid stability and 

efficiency. Apply the proposed 

framework to other combined 

technologies, such as wind–EV 

or PV–heat pump systems, to 

assess hosting capacities. 

[51] Hariri et al. 

(2021) 

Investigation of 

impacts of plug-in 

hybrid electric 

vehicles’ stochastic 

characteristics 

Developed an analytical model 

for smart grids with PHEVs' 

stochastic behaviour. Validated 

using Monte Carlo simulation. 

Sensitivity analysis on 

The analytical model determines 

the optimal number of PHEV 

states, balancing speed and 

accuracy. 

Use Analytical models for 

quick reliability assessments in 

high PHEV scenarios. Explore 

its sensitivity to car owner 
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modelling on smart 

grid reliability under 

different charging 

scenarios 

parameters (distance, departure, 

arrival times). Applied to 

Kashan, Iran electric network. 

 

behaviour and stochastic 

factors. 

 

[52] Nafisi 

(2021) 

Investigation on 

distribution 

transformer loss-of-

life due to plug-in 

hybrid electric 

vehicles charging 

Evaluation of PHEV 

penetration impacts on 

transformer life using Monte 

Carlo simulation to model load 

and owner behaviour 

uncertainties. Application to a 

real-life residential distribution 

system. Analysis of charging 

periods and penetration levels. 

Transformer aging modelled 

with thermal models and IEEE 

standards for oil-immersed 

transformers. 

Evening charging raises 

transformer Loss of Life rates 

significantly. Nighttime charging 

has minimal impact, while daytime 

charging causes moderate 

increases. 

 

Implement smart charging 

strategies to mitigate adverse 

effects on distribution 

transformers. Prioritize night-

time charging to extend 

transformer life and reduce 

network stress. 

[53] Molina et 

al.  

(2020) 

Light electric vehicle 

(LEV) charging 

strategy for low 

impact on the grid 

LEV recharging scheduled 

during demand valleys, 

avoiding peak hours. Strategies: 

home, public buildings, 

electrical stations. Applied to 

Spain with varying LEV 

penetration and fleet growth 

scenarios. 

 

The methodology demonstrates 

potential to flatten the demand 

curve, LEV penetration showing 

reduced peak impact. Proper 

scheduling suggests increased 

demand can be managed within 

existing grid capabilities. 

 

Implement policies for 

recharging points and off-peak 

incentives. Support 

infrastructure with tariffs and 

subsidies. 
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[54] Leemput et 

al. 

(2012) 

A Case Study of 

Coordinated Electric 

Vehicle Charging for 

Peak Shaving on a 

Low Voltage Grid 

Introduces an online bid 

coordination strategy to the 

conventional smart charging, to 

coordinate electric vehicle 

charging for peak shaving. 

Coordinated and 

Uncoordinated Load Flow 

calculations were compared to 

assess nodal voltage and 

unbalance factor deviations. 

Results displayed standard Smart 

charging improvements, With 

minimal communication and 

predictive knowledge. 

Coordinated charging reduced 

peak power demand, managed 

peak shaving and voltage 

deviations. 

The study recommends 

considering optimized EV 

charging process, due to close 

correlation Coordinated 

charging the efficient use of the 

distribution network. 

[55] Hartvigsson 

et al. 

(2022) 

A large-scale high-

resolution 

geographic analysis 

of impacts of electric 

vehicle charging on 

low-voltage grids 

Develops a synthetic LVDN 

model using high-resolution 

GIS data, combining 

household and EV charging 

profiles through cost-

optimization charging 

strategies. Measures voltage 

levels, transformer and line 

loading to identify non-

compliance. 

 

EV charging risks are highest in 

cities, lower in urban areas, and 

lowest in rural areas. Direct 

charging causes more violations 

than price-optimized strategies, 

which are more effective in urban 

areas 

Future studies to focus on 

analyse household electricity 

usage and driving behaviour, 

assess tariff systems' impact on 

violations, optimize simulation 

models, and evaluate more low-

voltage grids. 

[56] Schachler et 

al. 

(2021) 

A large-scale high-

resolution 

geographic analysis 

of impacts of electric 

Simulated future scenario and 

analysed uncoordinated and 

market-oriented charging 

impacts on grid overloading, 

voltage issues, and curtailment. 

Market-oriented charging reduces 

peak loads but increases night and 

noon charging peaks, causing 

urban grid issues. It reduces PV 

curtailment slightly but increases 

Allow network operators to 

curtail EV charging demand to 

manage grid issues. Optimize 

charging by considering 

renewable energy sources. 
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vehicle charging on 

low-voltage grids 

load-driven problems. 

Uncoordinated charging causes 

evening grid issues, with no 

optimization for renewable 

integration. 

Explore measures to reduce 

high charging simultaneities 

and assess economic trade-offs 

of charging strategies. 

[57] Habib et al. 

(2014) 

Impact analysis of 

vehicle-to-grid 

technology and 

charging strategies of 

electric vehicles on 

distribution 

networks: A review 

The authors reviewed the 

benefits and challenges of V2G 

technology and various EV 

charging strategies, including 

coordinated, uncoordinated, 

delayed, off-peak charging, and 

intelligent scheduling. 

 

V2G enhances grid stability and 

renewable integration but faces 

challenges like battery wear and 

infrastructure demands. 

Coordinated charging reduces 

strain, while uncoordinated 

charging increases it. 

 

V2G implementation needs 

smart grid integration, 

coordinated charging, and 

supportive policies and 

standards for smooth 

integration. 

 

[58] Akil et al. 

(2021) 

Impact of Electric 

Vehicle Charging 

Profiles in Data-

Driven Framework 

on Distribution 

Network. 

Develops a SOC-based 

coordinated charging method 

for EVs, compares it with 

uncoordinated charging, and 

integrates PV and BES systems 

to reduce peak loads. 

 

SOC-based coordinated charging 

lowers grid power consumption, 

line loading, transformer loading, 

and power losses, especially with 

PV and BES integration. 

 

 

 

 

 

SOC-based coordinated 

charging for better energy 

efficiency and smoother EV 

integration. Future research to 

optimize grid infrastructure 

using real-time SOC data. 

 

[59] Muratori 

(2018) 

Impact of 

uncoordinated plug-

in electric vehicle 

Integrates residential and 

transportation energy needs, 

simulating different PEV 

PEV charging has minimally 

impacts demand but alters 

patterns. Clustering increases peak 

Research should focus on 

consumer behaviour, smart 
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charging on 

residential power 

demand. 

market shares and charging 

power levels. 

demand, requiring infrastructure 

upgrades, and higher in-home 

charging worsens effects. 

charging, and non-residential 

charging to assess grid impacts. 

 

[60] Guerrero et 

al. 

(2022) 

Power System 

Impacts of Electric 

Vehicle Charging 

Strategies 

Uses a production cost model 

with multiple planning 

horizons to analyse the effects 

of EV charging on system 

costs, dispatch, reserves, and 

variable renewable energy 

curtailment. 

Uncoordinated charging increases 

costs and peak loads. Coordinated 

charging reduces costs, curtails 

variable renewable energy, and 

improves system efficiency. 

Strong recommends on 

coordinated EV charging to 

reduce costs and improve 

variable renewable energy 

integration. 

 

[61] Tirunagari 

et al. 

(2022) 

Reaping the Benefits 

of Smart Electric 

Vehicle Charging 

and Vehicle-to-Grid 

Technologies: 

Regulatory, Policy 

and Technical 

Aspects. 

Reviews existing research on 

unmanaged EV charging and 

smart charging/V2G benefits, 

using simulations to show the 

adverse effects of 

uncoordinated charging and the 

benefits of smart charging. 

 

Unmanaged charging increases 

peak load, power losses, and 

voltage issues. Smart charging 

alleviates these, providing 

economic, social, and 

environmental benefits. V2G 

improves grid performance and 

supports renewable energy. 

Developing regulations for 

smart charging, updating 

policies to support EV growth, 

providing financial incentives, 

standardizing protocols, and 

supporting research and 

development through pilot 

projects. 

 

[62] Clement-

Nyns et al. 

(2009) 

The Impact of 

Charging Plug-In 

Hybrid Electric 

Vehicles on a 

Residential 

Distribution Grid 

Uses load flow analysis with 

the backward-forward sweep 

method, optimization 

techniques to minimize losses 

and optimize charging, and 

analyses scenarios with 

uncoordinated and coordinated 

Uncoordinated charging causes 

power losses and voltage 

deviations. Coordinated charging 

improves efficiency. Stochastic 

programming shows minimal 

efficiency loss from forecasting 

errors. 

The study recommends smart 

metering for coordinated 

charging, grid reinforcement 

for unmanaged loads, and 

further research on voltage 

control and grid balancing. 
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charging at different PHEV 

penetration levels and charging 

periods. 

[63] Clement-

Nyns and 

Driesen 

(2011) 

The impact of 

vehicle-to-grid on 

the distribution grid 

Uses simulations on the IEEE 

34 node test feeder to assess 

PHEV impacts, exploring 

uncoordinated and coordinated 

charging, PHEV penetration, 

and DG integration. 

 

Uncoordinated charging causes 

grid issues: coordinated charging 

improves stability. V2G supports 

the grid, and PHEVs balance 

renewable energy, reducing 

reinforcement needs. 

Implementation of coordinated 

charging, integrating V2G 

technology, using smart meters 

with real-time pricing, and 

further research on V2G 

economics and battery 

technology. 

 

[64] Ahmed et 

al. 

(2021) 

Impact of Electric 

Vehicle Charging on 

the Performance of 

Distribution Grid 

Uses OPAL-RT’s real-time 

simulator and evaluates the 

impact of L1, L2, and DC fast 

charging on voltage deviation, 

peak demand, and harmonic 

distortion in a residential grid. 

 

A correlation between EV 

charging (L2 and DC fast 

chargers) and increased voltage 

deviations and harmonic 

distortions, worsened by higher 

EV penetration. DC fast chargers 

require voltage compensation and 

harmonic filters, while 

uncontrolled charging causes grid 

instability, mitigated by inductive 

filters. 

implement harmonic filters and 

voltage compensation to 

mitigate EV charging impact. 

Future studies focus on optimal 

charging station placement and 

coordinate strategies. 

 

[65] Crozier et 

al. 

(2020) 

The opportunity for 

smart charging to 

mitigate the impact 

of electric vehicles 

Models uncontrolled EV 

charging using a conditional 

probability method, 

incorporating convex 

Uncontrolled EV charging 

increases peak demand and 

requires significant infrastructure 

upgrades. While the transmission 

Smart charging strategies 

should balance transmission 

and distribution needs, 

consider spatial EV adoption, 
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on transmission and 

distribution systems 

optimization for smart 

charging, Monte Carlo 

simulations for stochastic 

charging patterns, and analysis 

of Britain power system's 

spatial variations in vehicle use, 

electricity demand, and 

network structure. 

network can handle domestic EV 

charging, it fails under certain 

conditions. Smart charging 

reduces distribution network 

interventions but raises peak 

demand at the transmission level. 

and use coordinated algorithms 

to optimize load without 

conflicts. 

 

[66] Masoum et 

al. 

(2014) 

Fuzzy Approach for 

Online Coordination 

of Plug-In Electric 

Vehicle Charging in 

Smart Grid 

Online fuzzy coordination 

algorithm integrates fuzzy 

reasoning with maximum 

sensitivity selection 

optimization, addressing 

random plug-ins, energy prices, 

and charging preferences. 

Simulated with varying PEV 

penetration and wind 

generation. 

The algorithm improves over 

uncoordinated and maximum 

sensitivity selection-coordinated 

methods, reducing energy costs 

and grid losses. It enhances 

voltage profiles, lowers peak 

demand, boosts system reliability 

at high PEV penetration, and 

leverages wind distributed 

generation output during peak 

periods for cost and stability 

benefits. 

Adopt Algorithms for real-time 

PEV charging coordination in 

smart grids. Explore near-

global optimization techniques, 

like genetic algorithms and 

particle swarm optimization, to 

enhance solution quality. 

Integrate renewable energy 

sources, such as wind and solar, 

to boost grid efficiency and 

sustainability. 

[67] Chadha et 

al. 

(2022) 

A review on Smart 

Charging impacts of 

Electric Vehicles on 

Grid 

Comprehensive literature 

review analysing EV charging 

impacts on grid performance, 

addressing peak demand, 

voltage instability, and 

reliability. Examined charging 

High charging loads, especially at 

fast-charging stations, increase 

peak demand and cause voltage 

instability. Demand Side 

Management and smart charging 

strategies, along with TOU 

Conduct further research on 

the integration of distributed 

energy resources and advanced 

grid management techniques to 

accommodate the growing 

number of EVs. Enhance 



 

39 
 

© Central University of Technology, Free State 

methods for BEVs, HEVs, 

PHEVs, and FCEVs and their 

grid implications. 

 

pricing, can help smooth the load 

curve and reduce peak demand. 

charging infrastructure and 

promote the adoption of 

renewable energy sources to 

support sustainable EV growth. 

[68] Zhou et al. 

(2017) 

Research on Impacts 

of the Electric 

Vehicles Charging 

and Discharging on 

Power Grid 

Simulation modelling and 

theoretical analysis assess the 

impacts of EV integration on 

power quality, distribution 

planning, and economic 

operation. The study also 

explores vehicle-to-grid 

technology, enabling EVs to 

act as both consumers and 

suppliers of electricity. 

 

Large-scale EV charging can 

cause significant issues such as 

harmonic pollution, voltage 

drops, and three-phase 

imbalances, which degrade power 

quality and affect network stability 

and efficiency. Economic impacts 

include increased net losses and 

reduced lifespan of distribution 

transformers and cables due to 

high load and harmonic currents. 

 

Further development of 

coordinated charging control 

methods to manage the timing 

and distribution of EV 

charging loads, reducing peak 

demand and enhancing grid 

stability. Continued exploration 

of harmonic control measures 

and the integration of V2G 

technology to improve grid 

reliability and lower operational 

costs. 

[69] Sohail et al. 

(2022) 

Effects of 

uncoordinated 

electric vehicle 

charging on a 

distribution network 

An IEEE 13-bus 11 kV 

residential distribution system 

was used to analyse substation 

and transformer performance 

under varying EV penetration 

levels. Dynamic load flow 

analysis was conducted with 

MATLAB and Open DSS, 

using a polynomial-based ZIP 

load model for EVs. 

Uncoordinated EV charging 

significantly stresses the 

distribution network, causing 

poor power quality, low voltage 

levels, increased power loss, and 

overloading of feeders, cables, 

and transformers. Residential 

transformers and distribution 

lines experienced severe under-

voltage and over-current issues, 

Implementing coordinated EV 

charging strategies to mitigate 

adverse effects. Upgrading 

distribution infrastructure and 

adopting smart grid 

technologies to manage 

increased load effectively. 

Promoting off-peak charging 

and integrating renewable 

energy sources to alleviate 
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especially during peak hours, 

leading to higher system losses 

and faster infrastructure aging. 

stress on the distribution 

network. 

[70] Rawat et al. 

(2019) 

Impact assessment 

of electric vehicle 

charging/discharging 

strategies on the 

operation 

management of grid 

accessible 

and remote 

microgrids 

Analysed four EV 

charging/discharging strategies. 

Used a 2m point estimate 

method to address 

uncertainties in load demand, 

solar/wind energy, and grid 

prices. Conducted sensitivity 

analysis on battery parameters’ 

impact on remote microgrid 

economics. 

 

Demonstrated that controlled EV 

charging can significantly enhance 

the operation of microgrids; 

concluded that smart management 

of charging/discharging can 

reduce operational costs. 

Micro-grid operators account 

for uncertainties in renewable 

energy sources and load 

demands. Recommended 

increasing battery capacity and 

optimizing initial SOC to 

enhance microgrid 

performance. 

[71] Ninković et 

al. 

(2020) 

Coordination of 

electric vehicles 

charging in the 

distribution system 

Used GAMS with the 

CONOPT solver to analyse 

uncoordinated, dual-tariff, and 

coordinated charging scenarios, 

chosen for its fast convergence 

and accuracy. 

Showed that the proposed 

coordinated charging solution 

significantly improves voltage 

profiles and reduces grid impact 

compared to uncoordinated and 

dual tariff charging scenarios; 

concluded that coordinated 

charging minimizes voltage drops 

and power losses, delivering the 

best voltage profile throughout 

the day. 

Emphasising the need for a 

Smart Grid and better 

communication in the 

distribution system; suggesting 

further research on V2G and 

renewable energy integration 

for optimised charging 

patterns. 
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[72] Solanke et 

al. 

(2020) 

A review of strategic 

charging–discharging 

control of grid-

connected electric 

vehicles 

Comprehensive literature 

review analysing charging–

discharging strategies and their 

grid impacts, including 

uncontrolled, controlled, 

intelligent, bi-directional, and 

multistage hierarchical 

methods. Examined technical 

challenges such as overloading, 

power quality issues, and power 

loss. 

 

Uncontrolled charging causes grid 

instability, but the multistage 

hierarchical approach, using 

genetic algorithms and AI-based 

controls, effectively manages load 

capacity, improves power quality, 

and reduces electricity costs, 

optimizing grid performance and 

EV integration. 

Further research into 

interdisciplinary computational 

models for improved EV 

aggregator coordination; 

exploration of the commercial 

potential of aggregators and 

optimisation of V2G systems 

to address grid challenges; 

implementation of smart 

charging infrastructure and 

policies to support widespread 

EV adoption and integration 

into the power grid. 

[73] Diaz-

Londono et al. 

(2024) 

Comparison and 

Analysis of 

Algorithms for 

Coordinated EV 

Charging to Reduce 

Power Grid Impact 

Proposed two Model Predictive 

Control -based smart charging 

strategies: one minimizes costs 

by charging during low-price 

periods, and the other prevents 

transformer overloads by 

maximizing flexibility. 

Compared with uncoordinated 

and coordinated strategies 

using real-world datasets in 

three scenarios: single station, 

average parking lot, and worst-

case occupancy. 

The flexibility maximization 

strategy reduces transformer 

overloads. The economic Model 

Predictive Control strategy is cost-

effective but may increase peak 

power if grid constraints are 

ignored. Grid-aware strategies 

prevent overloads by coordinating 

EV charging with grid limits. 

 

Coordinated charging pools to 

ensure reliable EV operations; 

implementation of smart 

charging strategies considering 

grid constraints for seamless 

integration; future studies on 

integrating renewable energy 

sources with charging strategies 

and evaluating long-term 

impacts on grid stability. 
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[74] Habib et al. 

(2018) 

Assessment of 

electric vehicles 

concerning impacts, 

charging 

infrastructure with 

unidirectional and 

bidirectional 

chargers, and power 

flow comparisons 

Reviewed existing literature and 

technical studies, analysing 

different charging power levels 

and topologies, including on-

board and off-board systems. 

Compared unidirectional and 

bidirectional chargers in terms 

of hardware, cost, power flow, 

and grid impacts. 

Unidirectional charging is simpler 

but limited. Bidirectional charging 

supports V2G, aiding grid 

stability, though costly. EVs can 

cause grid issues, but controlled 

charging mitigates this. Economic 

benefits depend on battery and 

infrastructure improvements. 

Enhance charging 

infrastructure with a focus on 

standardisation and smart grid 

integration; implement policies 

and incentives to promote EV 

adoption and support V2G 

technology development; 

continue research on battery 

life, cost reduction, and 

efficient charging systems; 

increase public awareness of 

EV benefits and sustainable 

transportation solutions. 

[75] Deilami et 

al. 

(2011) 

Real-Time 

Coordination of 

Plug-In Electric 

Vehicle Charging in 

Smart Grids to 

Minimize Power 

Losses and Improve 

Voltage Profile 

Simulated the real-time smart 

load management algorithm on 

a modified IEEE 23 kV system 

with PEVs, considering 

penetration levels and charging 

time zones. 

Uncoordinated PEV charging 

increases peak demand, voltage 

fluctuations, and power losses. 

The algorithm reduces these 

issues, optimizing charging 

schedules in real-time, 

maintaining voltage, reducing 

losses, and minimising energy 

generation costs. 

Implement real-time smart load 

management in smart grids for 

reliability and efficiency; use 

real-time coordination to 

manage PEVs and maintain 

grid stability; develop 

communication infrastructure 

for real-time PEV charging 

control. 

 A critical review of 

the effect of light 

duty electric vehicle 

Conducted an extensive 

literature review on EV 

charging issues and solutions, 

Uncoordinated EV charging 

causes grid issues. Coordinated 

schemes reduce problems. Strong 

Optimise EV station 

placement, integrate renewable 

energy, implement smart 
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[76] Tasnim et 

al. 

(2023) 

charging on the 

power grid 

evaluating charging schemes, 

infrastructure configurations, 

smart charging, and optimal 

location selection. Assessed 

impacts on power system 

planning, grid economy, and 

the environment. 

infrastructure and careful grid 

planning are needed. EVs cut 

emissions, but costs and electricity 

prices affect economic impact. 

Renewables and coordinated 

charging improve viability. 

charging, and adopt V2G 

technology for grid support. 

[77] Ibrahim 

and Gaber 

(2024) 

Electric Vehicles: 

From Charging 

Infrastructure to 

Impacts on Utility 

Grid 

Comprehensive review of 

unmanaged EV charging 

effects on power quality, 

including voltage violations, 

asset overloading, and 

harmonic distortion, along with 

exploration of mitigation 

strategies. 

 

Uncoordinated charging causes 

grid instability, voltage 

fluctuations, and higher 

operational costs. The paper 

discusses the impact of various 

EV technologies (BEVs, HEVs, 

PHEVs, and FCEVs) on the grid. 

Adopt smart charging and V2G 

technologies for bidirectional 

power transfer; establish 

effective infrastructure and 

regulatory frameworks; 

implement coordinated 

charging strategies and dynamic 

pricing models to mitigate grid 

impacts. 

[78] Gonzalez et 

al. 

(2019) 

Impact of non-

systematic electric 

vehicle charging 

behaviour on a 

distribution 

substation 

Used a multi-agent EV model 

in Python to simulate the 

impact of non-systematic EV 

charging on base load at the 

HV/MV substation level. 

Considered two case studies in 

France, using real travel and 

grid data, focusing on 

uncoordinated charging 

strategies. 

Non-systematic plug-in behaviour 

reduces weekday peak load but 

increases weekend peaks. It limits 

flexibility for smart charging and 

V2G, requiring more energy per 

session. Larger battery sizes 

reduce weekly sessions but may 

need higher charging power. 

Analyse driving and charging 

behaviour for EV impact 

assessment; consider regional 

characteristics and implement 

smart charging for load 

management; study the effects 

of EV characteristics, charging 

infrastructure, tariffs, and user 

preferences on grid integration. 
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[79] Deilami 

and Muyeen  

(2020) 

An Insight into 

Practical Solutions 

for Electric Vehicle 

Charging in Smart 

Grid 

Reviewed EV battery 

infrastructure and charging 

strategies, focusing on 

uncontrolled charging impacts. 

Tested maximum sensitivity 

selection and genetic algorithm 

optimization on modified 

IEEE 23 kV and low voltage 

residential networks, with a 

comparative analysis to validate 

effectiveness. 

Uncontrolled EV charging causes 

power quality issues, voltage 

instability, and increased peak 

demand. Controlled charging 

strategies, especially maximum 

sensitivity selection and genetic 

algorithm, improve grid 

performance, with MSS offering 

faster computation and better 

customer satisfaction. Controlled 

charging mitigates the impacts of 

high EV penetration. 

Adopt controlled EV charging, 

implement smart charging tech 

and V2G systems, optimize 

renewable energy integration 

for improved grid efficiency. 

 

[80] Nour et al. 

(2020) 

Review of Positive 

and Negative 

Impacts of Electric 

Vehicles Charging 

on Electric Power 

Systems 

Literature review on EV 

charging impacts, covering 

peak demand, voltage 

instability, unbalance, 

harmonics, overloading, and 

power losses. Explores 

controlled charging benefits 

like frequency regulation and 

power quality improvement. 

Uncontrolled EV charging can 

increase peak demand, voltage 

deviations, phase unbalance, and 

power losses; controlled charging 

strategies mitigate these impacts 

and improve power quality while 

supporting renewable energy 

integration. 

 

Study the economic feasibility 

of EV charging/discharging 

methods, coordinate between 

transmission and distribution 

operators, and plan public 

charging infrastructure; 

research EV integration with 

renewables and develop smart 

charging strategies. 

[81] Wang et al. 

(2018) 

Coordinated Electric 

Vehicle Charging 

with Reactive Power 

Support to 

Distribution Grids 

Developed two frameworks for 

managing active and reactive 

power dispatch of distributed 

EVs: one using an optimal 

power flow model and the 

Coordinated charging lowers 

costs and accommodates more 

EVs at non-unity power factor. 

Case studies show improved grid 

performance and cost reduction. 

Include reactive power in EV 

charge scheduling, enable EVs 

to provide voltage support 

without impacting battery life, 

and prioritize advanced 
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other focusing on optimal EV 

charging with reactive power 

support. 

charging infrastructure for EV 

participation in reactive power 

markets. 

[82] Aoun et al. 

(2024) 

Dynamic Charging 

Optimization 

Algorithm for 

Electric Vehicles to 

Mitigate Grid Power 

Peaks 

Development of Proof of 

Need charging algorithm 

prioritizing EVs based on SoC, 

vehicle count, charger capacity, 

and user preferences; tested to 

compare uncoordinated and 

coordinated charging demand. 

 

The algorithm reduces peak 

charging demand, adjusts 

schedules in real-time, prevents 

overloads, and improves grid 

stability and user satisfaction. 

Implement charging algorithm 

at local substations and for 

managing EV fleets, integrate 

with V2G and V2V strategies; 

policymakers to support 

dynamic management systems 

for grid reliability with rising 

EV adoption. 

 

[83] Mahmud et 

al. 

(2023) 

Global challenges of 

electric vehicle 

charging systems 

and its future 

prospects: A review 

Reviewed literature and data on 

the impact of EV charging on 

power systems, including load 

distortion, voltage deviation, 

frequency imbalance, harmonic 

injection, overloading, power 

loss, and grid instability. 

Explored smart charging 

benefits. 

Smart charging cuts peak power 

demand and optimizes system 

performance and supports future 

technologies. 

 

Adopt smart charging strategies 

to manage growing EV 

demand; implement 

government policies and 

incentives for smart charging 

infrastructure; integrate 

renewable energy sources with 

EV charging to promote 

sustainability and reduce fossil 

fuel dependency. 

 

[84] Li and Jenn 

(2024) 

Impact of electric 

vehicle charging 

demand on power 

Used a travel demand model, 

EV adoption model, and 

empirical EV charging data to 

project uncontrolled EV 

Residential areas will need twice 

the upgrades, highlighting the 

potential to ease grid stress by 

shifting home charging. 

Upgrade feeders prone to 

overloading; implement 

demand response and promote 

workplace/public charging to 
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distribution grid 

congestion 

charging profiles at high 

granularity and large scale. 

reduce peak load; enact 

regulations to address 

infrastructure strain; focus 

future work on heavy-duty EVs 

and demand-side 

developments. 

 



 

33 
 

© Central University of Technology, Free State 

2.8.1. Correlation Analysis on Uncoordinated Charging Impact 

The correlation analysis across multiple studies highlights the common challenges posed by 

uncoordinated EV charging on distribution grids, particularly regarding voltage instability, 

peak demand, and grid congestion. The following findings are noted: 

General findings from the studies: 

a) Voltage issues:  

• Multiple studies (Leemput et al., Hartvigsson et al., Schachler et al., 

Guerrero et al., Clement-Nyns et al.) consistently report that 

uncoordinated charging results in voltage drops, deviations, and 

imbalances, which compromise grid stability. Ahmed et al. (2021) and 

Sohail et al. (2022) further emphasise that these issues are compounded by 

harmonic distortions and voltage deviations, especially with high levels of 

EV penetration. 

b) Peak demand:  

• Studies such as those by Guerrero et al. (2022), Akil et al. (2021), and Leemput 

et al. (2012) highlight that uncoordinated charging increases peak demand, 

which results in overloading of grid components like transformers, feeders, 

and cables. Such increased peak demands intensify the need for infrastructure 

upgrades to prevent failures and inefficiencies. 

c) Power losses and efficiency:  

• Research by Clement-Nyns and Driesen (2011) and Zhou et al. (2017) 

indicates that uncoordinated charging leads to increased power losses, 

particularly during peak periods. As EVs become more prevalent, grid 

efficiency declines, with significant economic implications for grid operators 

(Crozier et al., 2020; Guerrero et al., 2022). 
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d) Economic and infrastructure impacts:  

• The integration of uncoordinated charging strains grid infrastructure, resulting 

in faster ageing and increased operational costs. Sohail et al. (2022) and Rawat 

et al. (2019) discuss the economic inefficiency of relying on existing 

infrastructure without reinforcements, underlining the necessity for substantial 

investments in grid modernisation. 

Identified gaps: 

a) Limited focus on stochastic and dynamic charging: 

• Most studies assume static load profiles or simplified assumptions. There is a 

lack of dynamic real-time simulations considering stochastic, location-specific, 

and time-varying charging behaviours. More detailed, real-time approaches are 

needed to capture the grid’s dynamic response to fluctuating demand.  

• However, in the case of South Africa, there is no baseline study to benchmark 

future PEV impact studies, which is what this study aims to achieve.  

b) Underexplored regional variability: 

• While urban grid impacts are widely discussed (e.g., Hartvigsson et al., 2022), 

there is limited exploration of regional differences, especially between urban 

and rural areas. Further studies are needed to investigate the impact of 

regional variability and EV adoption rates on uncoordinated charging. 

c) Absence of policy or regulatory impact analysis: 

• While smart charging (Tirunagari et al., 2022) is suggested as a solution, there 

is a gap in research on policy frameworks that would support the integration 

of EVs in an uncoordinated charging environment. Regulations on charging 



 

35 
 

© Central University of Technology, Free State 

tariffs, incentives, and grid investment need more attention to ensure 

sustainable integration. 

 

d) V2G and renewable energy integration: 

• Although some studies (Zhou et al., 2017; Ninković et al., 2020) mention 

Vehicle-to-Grid (V2G) and renewable energy integration, the full potential of 

V2G systems in mitigating uncoordinated charging impacts remains 

underexplored. Further research should focus on optimal charging strategies 

that incorporate V2G and renewable energy to ease grid stress. 

e) Grid adaptation and smart grid technologies: 

• There is limited research on how smart grid technologies like real-time 

monitoring and demand response can help alleviate uncoordinated charging 

problems. More studies are needed to explore how smart metering and 

advanced grid management systems can optimise grid operations and integrate 

renewable energy sources effectively. 

f) Long-term infrastructure impact: 

• Few studies focus on the long-term degradation of grid infrastructure due to 

uncoordinated charging, especially wear and tear on transformers and cables. 

Addressing this gap is critical for understanding the economic and resilience 

implications of long-term uncoordinated charging. 

 

 

2.9. CONCLUSION  

     In summary, the integration of PEVs into the electrical grid presents both opportunities 

and challenges. While PEVs offer significant environmental benefits by reducing greenhouse 

gas emissions, their widespread adoption poses challenges to existing electrical infrastructure. 
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Smart charging solutions, economic implications, power quality, and network stability are 

critical factors that have to be addressed to ensure successful integration of PEVs. South 

Africa's current power challenges and gradual PEV integration highlight the need to 

understand and mitigate the impact of PEVs on the LVDN. 

      While extensive research has examined voltage instability, peak demand, and grid 

congestion caused by uncoordinated EV charging, focus on stochastic and dynamic charging 

behaviours is still limited. Most studies rely on static load profiles or simplified assumptions, 

neglecting the complexity of location-specific and time-varying charging patterns. 

Furthermore, real-time dynamic simulations that capture the grid's response to fluctuating 

demand are notably absent. In the South African context, there is no baseline study to 

benchmark the impact of Plug-in Electric Vehicles on the Low Voltage Distribution Network. 

This study seeks to fill that gap by providing foundational insights and methodologies for 

future PEV impact assessments.   
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Chapter 3 : MODELLING  

 

3.1. INTRODUCTION 

 

     This chapter presents the modelling of the base low-voltage distribution network system 

components used in the study. The network design layout consists of an External Grid, 

Transformer, Bus Bar, Distribution Lines, and Residential load, as well as PEVs charging. 

Hence, the mathematical models for all network parameters are shown respectively. The 

mathematical model for the system’s component may be applied in DigSilent PowerFactory.        

 

3.2. LVDN COMPONENTS 

     The studied LVDN displayed in Figure 3.1 is a simplified portion of a real-life existing 

model provided by the City of Cape Town (CoCT) in the Western Cape province of South 

Africa. The model is used for studying the VUF and Voltage Profile and is subjected to real-

time loadshedding conditions. The LVDN is a four-wire, three-phase system, comprising an 

external source supplying 800kVA to a 11kV/0.4kV distribution transformer. This 

transformer further provides power to 115 households, of which 73 are represented as a single 

external load. Additionally, 42 households form our sample size. They are supplied by seven 

distribution kiosks, denoted in the software as general domestic loads and BUS BARs, 

respectively. The measured data presented in Figure 3.2 reveals an unbalanced power 

consumption in the network.  
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Figure 3.1: A portion of Muizenberg’s LVDN in Cape Town, South Africa. 

 

The LVDN assumptions are as follows: 

• Bus Bar A to G can only feed six households each, with two houses per phase. 

• Each household can only house one PEV at a time, for cases where integration is 100% 

or less. 

• The loadshedding conditions are simulated from real-life household profiles; therefore, 

the PEV profiles are set to be off during loadshedding.   
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3.2.1. External grid 

 

 

 

Figure 3.2: External grid. 

 

     The external grid component is used to represent the network beyond the boundaries of 

the studied system, encompassing the larger transmission network to which the local system 

is connected. In this study, it is configured to "Slack Bus” as its bus type. In this form it 

assumes the role of balancing the power in the system, ensuring the balance of active and 

reactive power by adjusting generation to match total power demand, including system losses 

as shown in:    33333333333333333333333333333333333333333333333333333 

 

 

𝑃𝑖𝑛 = 𝑃𝑙𝑜𝑎𝑑 + 𝑃𝑙𝑜𝑠𝑠𝑒𝑠 (3.1)  

 

where: 

• Pin : Injected power 

• PLoad : Power consumed by Household or PEV  

• PLosses : Power loss in the Network. 

Designating the external grid’s bus as the Slack Bus provides a stable voltage reference for 

the network, facilitating precise analysis and ensuring system stability. 
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3.2.2. Plug-in Electric Vehicle (PEV) 

 

     A PEV converts stored electric power from batteries into mechanical energy for propulsion 

through external charging. Figure 3.3 shows an icon representing the integrated PEV.  

 

Figure 3.3: Plug-in Electric Vehicle (PEV) 

 

     The Nissan Leaf PEV, which is one of the earliest PEVs to achieve widespread adoption 

globally, serves as the reference PEV in this study. The characteristics of the Nissan Leaf are 

provided in Table 3.1. The charging rate for the Nissan Leaf is set at a constant 3.3 kW with 

an assumed unity power factor [85-86]. This constant charging rate facilitates the evaluation 

of the dynamic network profile under the specified 3.3 kW charging impact. Although recent 

PEV models support higher charging rates, the 3.3 kW rate is employed as a baseline for 

analysis. Any increase in the charging rate or reduction in the power factor is expected to 

adversely affect the network.  

 

Table 3.1 PEV characteristics 

S/N Characteristics  Details 

A B 

1.  PEV Model Nissan Leaf 

2.  Charing Rate 3.3kW 

3.  Charging mode Constant 

4.  Power Factor Unity 
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     The charging profile is displayed in Figure 3.4 below, which includes loadshedding 

downtime.  

 

 

Figure 3.4: PEV charging profile 

 

3.2.3.   Household Loads 

 

 

Figure 3.5: Low-voltage load. 

 

        Each domestic low-voltage load is characterised by a three-phase electrical setup where 

each phase is connected to a neutral point to supply a household. This distribution technology 

is represented as 3PH PH-E. The nominal voltage supply for the line-line voltage is ±400V at 

50Hz, and the phase-earth introduces the phase voltage of ±230V at 50Hz, as per equation 

((3.2): 
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𝑉𝑝ℎ𝑎𝑠𝑒 =
𝑉𝑙𝑖𝑛𝑒

√3
 

(3.2)  

      The power demand profile of the household load was collected from the local 

distribution transformer and distributed among households according to their proportional 

consumption as per the provided load profiles. 

 

3.2.4. Distribution Lines 

 

     Distribution lines are essential components of the LVDN and are responsible for effective 

distribution of electrical power. These lines possess inherent impedance characteristics that 

play a key role in influencing the active and reactive power equations in load flow calculations. 

The impedance (Z) of distribution lines is an important determinant of voltage drops and 

power losses within the network. Specifically, higher resistance (R) results in increased active 

power losses, while higher reactance (X) affects reactive power flows and voltage stability by 

inducing a voltage drop that is out of phase with the current.  

The impedance Zij of a distribution line between buses i and j is expressed as: 

 

𝑍𝑖𝑗 = 𝑅𝑖𝑗 + 𝑗𝑋𝑖𝑗 (3.3) 

  

where: 

• Rij is the resistance of the line. 

• Xij is the reactance of the line. 

The admittance Yij is the inverse of the impedance and can be written as: 

𝑌𝑖𝑗 =
1

𝑍𝑖𝑗

=
1

𝑅𝑖𝑗

+ 𝑗
1

𝑋𝑖𝑗

= 𝐺𝑖𝑗 + 𝑗𝐵𝑖𝑗 
(3.4) 
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where: 

• Gij is the conductance of the line. 

• Bij is the susceptance of the line. 

The complex power flowing in a distribution line is given as: 

 

𝑆𝑖 = 𝑃𝑖 + 𝑗𝑄𝑖 = 𝑉𝑖𝐼𝑖
∗ (3.5) 

𝑆𝑖 = (𝑉𝑖∠𝜃𝑖) × (
𝑉𝑗∠−𝜃𝑗

𝑍𝑖𝑗

) (3.6) 

𝑆𝑖 = 𝑉𝑖∠𝜃𝑖 × (
1

𝑍𝑖𝑗

) × (𝑉𝑗∠ − 𝜃𝑗) (3.7) 

𝑆𝑖 = 𝑉𝑖 × 𝑉𝑗 × (
1

𝑅𝑖𝑗 + 𝑋𝑖𝑗

) × (∠𝜃𝑖 × ∠−𝜃𝑗) (3.8) 

𝑆𝑖 = |𝑉𝑖| × |𝑉𝑗| × (𝐺𝑖𝑗 + 𝑗𝐵𝑖𝑗) × (∠𝜃𝑖−𝜃𝑗) (3.9) 

  

Decomposing this into real and imaginary parts using Euler’s formula: 

 

𝑒𝑗(𝜃𝑖−𝜃𝑗) = 𝑐𝑜𝑠(𝜃𝑖−𝜃𝑗) + 𝑗 𝑠𝑖𝑛 (𝜃𝑖−𝜃𝑗) (3.10) 

𝑃𝑖 = |𝑉𝑖| × |𝑉𝑗|(𝐺𝑖𝑗 c𝑜𝑠𝜃𝑖𝑗 + 𝐵𝑖𝑗 sin 𝜃𝑖𝑗) (3.11) 

𝑄𝑖 = |𝑉𝑖| × |𝑉𝑗|(𝐺𝑖𝑗 sin𝜃𝑖𝑗 −𝐵𝑖𝑗 cos 𝜃𝑖𝑗) (3.12) 

  

     Therefore, considering that multiple Bus Bars can be connected to bus i, equation ((3.11) 

and ((3.12) can then be rewritten to represent the general active and reactive power equation 

as equation (3.13) and (3.14):  
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𝑃𝑖 = 𝑉𝑖 ∑𝑉𝑗

𝑛

𝑗=1

(𝐺𝑖𝑗 c𝑜𝑠𝜃𝑖𝑗 +𝐵𝑖𝑗 sin 𝜃𝑖𝑗) (3.13) 

𝑄𝑖 = 𝑉𝑖 ∑𝑉𝑗

𝑛

𝑗=1

(𝐺𝑖𝑗 𝑠𝑖𝑛𝜃𝑖𝑗 −𝐵𝑖𝑗 𝑐𝑜𝑠 𝜃𝑖𝑗) (3.14) 

where: 

• Si is the apparent power injection at bus i. 

• Pi is the active power injection at bus i. 

• Qi is the reactive power injection at bus i. 

• Vi and Vj are the voltage magnitudes at buses i and j. 

• Gij is the conductance between buses i and j. 

• Bij is the susceptance between buses i and j. 

• θij is the voltage angle difference between buses i and j. 

• N is the total number of buses in the system. 

     Therefore, Pin from equation (3.1) can then be represented as equation (3.5), which is the 

sum of equation (3.13) and (3.14) given as equation (3.15): 

 

𝑆𝑖 = 𝑉𝑖 ∑𝑉𝑗

𝑛

𝑗=1

[(𝐺𝑖𝑗 𝑐𝑜𝑠𝜃𝑖𝑗 +𝐵𝑖𝑗 𝑠𝑖𝑛 𝜃𝑖𝑗) + (𝐺𝑖𝑗 𝑠𝑖𝑛𝜃𝑖𝑗 −𝐵𝑖𝑗 𝑐𝑜𝑠 𝜃𝑖𝑗)] (3.15) 

  

     The physical length of the distribution line and its configuration influence the overall 

impedance. Longer cables typically have higher impedance, affecting both active and reactive 

power distribution. The cable characteristics used are shown in   
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Table 3.2 below: 
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Table 3.2: Cable characteristics 

 

Where  "NAYSEY 3x120 rm/16 6/11 kV" specifies a cable with the following 

characteristics: 

• NAYSEY: Cable type designation. 

• 3x120: Three conductors with a cross-sectional area of 120 square millimetres each. 

• rm: Round, multi-stranded conductors. 

• /16: Cross-sectional area of the neutral conductor, 16 square millimetres. 

• 6/11 kV: Voltage rating of the cable, 6/11 kilovolts 

 

3.2.5. Bus Bar 

 

     A Bus Bar typically serves as a common junction point where multiple electrical circuits 

connect in a system. The purpose of this Bus Bar is to distribute injected power into the 

network. The status of the network is measured at each Bus Bar.  From equation (3.1), the 

input power pin is expressed as the total power consumed (PLoad) at each Bus Bar is given 

by equation (3.16) and the injected power: 

S/N Cable Characteristics 

Name Type  Length  

A B C 

[19]  Line Tx-A NAYSEY 3x120rm/16 6/11kV 45 m 

[20]  Line Tx-E NAYSEY 3x120rm/16 6/11kV 258 m 

[21]  Line A-B NAYSEY 3x120rm/16 6/11kV 29 m 

[22]  Line A-D  NAYSEY 3x70rm/16 6/11kV 107 m 

[23]  Line B-C NAYSEY 3x70rm/16 6/11kV 58 m 

[24]  Line E-F NAYSEY 3x70rm/16 6/11kV 70 m 

[25]  Line E-G NAYSEY 3x70rm/16 6/11kV 60 m 
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𝑃𝐿𝑜𝑎𝑑(𝑡, 𝑙) = 𝑃𝐻𝐻(𝑡, 𝑙) +  𝑃𝑃𝐸𝑉(𝑡, 𝑙) (3.16) 

  

Where:  

PLoad: represents the power required by loads connected directly to a Bus Bar, 

• t: is the time. 

• l: is the location of the Bus Bar on the network.  

• PHH: represents the power demand of all households. 

• PPEV: represents the power demand of all PEVs connected to a Bus Bar, respectively. 

 

3.3. STOCHASTIC MODELLING FOR PEV INTEGRATION 

 

     The battery charging rate of the PEV is modelled as a sizable load independent of the 

uncertainties associated with driver behaviour leading to the charge [87]. The integration level 

is determined by the number of PEVs charging, relative to the number of households [88], as 

described in equation (3.17).  

 

𝑃𝐸𝑉𝐼𝑛𝑡−𝑙𝑒𝑣𝑒𝑙(%) =
𝛴 𝑃𝐸𝑉𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 

𝛴 𝐻𝑜𝑢𝑠𝑒 𝐻𝑜𝑙𝑑𝑠
 (3.17) 

  

Where: 

• 𝑃𝐸𝑉𝐼𝑛𝑡−𝑙𝑒𝑣𝑒𝑙(%): PEV integration level given in %. 

• 𝛴 𝑃𝐸𝑉𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔: Number of PEVs charging. 

• 𝛴 𝐻𝑜𝑢𝑠𝑒 𝐻𝑜𝑙𝑑𝑠: Total number of households sampled. 
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The percentages 100%, 75%, 50%, and 25% correspond to 42, 32, 21, and 11 PEVs 

charging per household, respectively. Notably, PEV charging interruptions exclusively occur 

during designated loadshedding hours. The integration impact throughout the day was 

assessed by employing a systematic approach as per the flow chart shown in Figure 3.6.  

 

 

Figure 3.6: Framework for the Stochastic Approach 

 

     The variation in the load demand provides various realistic load profiles against which to 

measure the network’s performance. This is further integrated with discrete PEV percentage 

integration levels for a dynamic daily profile. The Excel VBA code was employed to randomly 

distribute PEVs to households. 
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3.3.1. Excel VBA code 

     The Excel VBA code facilitates the random representation of PEV charging across 

different phases by following a structured methodology. Initially, it extracts unique numeric 

values from a specified cell range, which are then converted into specific letters. This 

conversion step categorises the numeric values, allowing for a more intuitive representation 

of the data. The letters are then randomly shuffled and placed into various cells within an 

Excel worksheet. 

     In the thesis, the random integration of PEV charging into the LVDN was represented 

using the following steps: 

a) Bus Bar distribution: 

     Houses were assigned to Bus Bars, with each Bus Bar used no more than six times. In 

Excel, this was achieved by generating and counting random numbers to ensure a balanced 

distribution. The Bus Bars were labelled A to G, corresponding to numbers 1 to 7, 

respectively. 

b) Count and allocation: 

     Excel was used to count how frequently each Bus Bar number appeared. For example, if 

the number 3 appeared four times, it indicated that four PEVs were assigned to Bus Bar C 

(since C corresponds to 3). The Bus Bars A to G were mapped to the numbers 1 to 7, 

respectively, based on these counts. 

c) Phase allocation: 

     PEVs were then assigned to specific phases within each Bus Bar. Using Excel’s random 

number generation, numbers between 1 and 3 were generated, with each number 

representing a phase (1 = Phase A, 2 = Phase B, and 3 = Phase C). Each number was 

assigned to a phase ensuring that each phase was utilised no more than twice for each Bus 

Bar. 
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This approach allowed for a detailed and randomised representation of PEV charging 

distribution across the network. 

3.3.2. Interpretation of the Integration Phase Distribution Table 

25% Integration Phase Distribution: 

• A total of 11 PEVs are randomly distributed across Bus Bars A to G. 

• Bus Bar A: Two PEVs in Phase A and one in Phase B. 

• Bus Bar C: Three PEVs in total; two in Phase C and one in Phase A. 

• Bus Bars B and E: No PEVs charging. 

 

50% Integration Phase Distribution: 

• A total of 21 PEVs are randomly allocated across Bus Bars A to G. 

• Bus Bar A: One PEV on Phase A and Phase B, and two PEVs on Phase C. 

• Bus Bar B: One PEV on Phase A. 

• Bus Bar C: One PEV on Phase A and two PEVs on Phase B. 

• Bus Bar D: One PEV on Phase B. 

• Bus Bar E: Two PEVs on Phase A, and one PEV each on Phases B and C. 

• Bus Bar F: One PEV on Phase A and two PEVs on Phase C. 

• Bus Bar G: Two PEVs on Phases A and B, and one PEV on Phase C. 

 

75% Integration Phase Distribution: 

• A total of 32 PEVs are randomly allocated across Bus Bars A to G. 

• Bus Bar A: Two PEVs on Phases A and C, and one PEV on Phase B. 

• Bus Bar B: Two PEVs on Phase B, and one PEV each on Phases A and C. 

• Bus Bar C: Two PEVs on Phases A and C, and one PEV on Phase B. 
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• Bus Bar D: Two PEVs on Phases A, B, and C. 

• Bus Bar E: One PEV on Phases A, B, and C. 

• Bus Bar F: Two PEVs on Phases A, B, and C. 

• Bus Bar G: One PEV on Phases A, B, and C. 

 

100% Integration Phase Distribution: 

• A total of 42 PEVs are randomly distributed across Bus Bars A to G, ensuring that 

each phase on every Bus Bar is occupied. 

 

Table 3.3: PEV Distribution 

25% Integration Phase Distribution 

Bus A Bus B Bus C Bus D Bus E Bus F Bus G 

A - C B - C C 

B - C - - - A 

- - A - - - B 

- - - - - - B 

50% Integration Phase Distribution 

Bus A Bus B Bus C Bus D Bus E Bus F Bus G 

C A A B C C A 

C - B - A C A 

A - B - A A B 

B - - - B - B 
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- - - - - - C 

75% Integration Phase Distribution 

Bus A Bus B Bus C Bus D Bus E Bus F Bus G 

A A A A C A B 

B B C A B A A 

C C B B A B C 

C B A B - B - 

A - C C - C - 

- - - C - C - 

100% Integration Phase Distribution 

Bus A Bus B Bus C Bus D Bus E Bus F Bus G 

A A A A A A A 

A A A A A A A 

B B B B B B B 

B B B B B B B 

C C C C C C C 

C C C C C C C 

 

3.4. THREE-PHASE LOAD FLOW APPROACH 

     Load flow calculations are important for analysing the steady-state conditions of a power 

system. It provides an update on the status of the power system’s operating parameters at a 

point in time. In this study, a total of 1 440 load-flow calculations are performed over a period 
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of 24 hours, in steps of one-minute intervals, and further used for VUF and voltage deviation 

analysis. This provides sufficient data to accurately represent the voltage deviations from the 

base profile, as the data is modelled per minute. SANS[89] recommends a tolerance timescale 

of 10 minutes to declare Undervoltage for conditions where the voltage has dropped below 

the ±10% nominal voltage of 230V at 50Hz. The load flow is simulated on DigSilent 

PowerFactory using the Quasi Dynamic Simulation (QDS) approach, which makes use of the 

Newton-Rapson (NR) iterative method. This can be equated to capturing a snapshot of the 

network's status every minute, as the load demand fluctuates over a 24-hour period, simulated 

for various integration levels. 

 

3.3.1. Power mismatch 

     For each bus i in the power system, the real power mismatch ∆Pi and reactive power 

mismatch ∆Qi are defined as: 

∆𝑃𝑖 = 𝑃𝑖
𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑒𝑑 − 𝑃𝑖

𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑  (3.18) 

∆𝑄𝑖 = 𝑄𝑖
𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑒𝑑 − 𝑄𝑖

𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑  (3.19) 

 

where 

•  𝑃𝑖
𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑒𝑑

 : refers to the real power value that is expected or required at bus i due 

to the power demanded by loads connected to bus i. 

• 𝑃𝑖
𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑  : The calculated power from equation (3.13). 

• 𝑄𝑖
𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑒𝑑

 : refers to the reactive power value that is expected or required at bus i 

due to the power demanded by loads connected to bus i. 

• 𝑄𝑖
𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 : The calculated power from equation (3.14). 
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     These mismatches quantify the deviation between specified (or measured) power injections 

and those calculated using an equation based on the current system state of the network. For 

the initial calculation, the state variables (voltage magnitude and phase angle) are initially set 

to V=1 p.u and ϑ=0°.  

 

     Voltage magnitude and phase angle are important state variables, defining the electrical 

conditions at different nodes. In the Newton-Raphson method, these variables are updated 

iteratively to refine the estimation of voltage magnitudes and angles across the entire power 

system.  

 

3.3.2. Newton-Raphson Method 

     The Quasi Dynamic Simulation (QDS) makes use of the Newton-Raphson method given 

in equation (3.20) as its iterative approach. This method begins by linearising power flow 

equations (3.13) and (3.14) around an initial estimate of the system state, setting voltage 

magnitudes and angles at all buses to 1 p.u. and 0°, respectively. Subsequently, the power 

mismatch between specified and calculated values is evaluated. 

 

𝑥𝑛 = 𝑥𝑛−1 − 
𝑓(𝑥𝑛−1)

𝑓′(𝑥𝑛−1)
 (3.20) 

  

where: 

• 𝑥𝑛  : Represents the state variables, which is the (n)th estimate of the voltage 

magnitudes and angles across all buses in the power system. It is an updated guess 

obtained in each iteration of the Newton-Raphson method. 
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• 𝑥𝑛−1 : Represents the previous estimate, (n−1)th, which is an estimate of the voltage 

magnitudes and angles obtained in the previous iteration. It serves as the starting 

point for refining our estimate in the current iteration. 

 

• 𝑓(𝑥𝑛−1) : represents the vector of power mismatches ΔP and ΔQ at the (n−1)th 

estimate of voltage magnitudes and angles. These mismatches quantify the deviation 

between the calculated and specified (or measured) power injections and are 

evaluated using the current state variables. 

 

• 𝑓 ′(𝑥𝑛−1) : is the derivative of the vector of power mismatches “f(xn−1)” which is 

represented in the form of a Jacobian matrix (J). The Jacobian matrix consists of 

partial derivatives of the power mismatches in respect of the voltage magnitudes and 

angles. It quantifies how each element of the power mismatch vector changes with 

small perturbations in xn-1. 

 

3.3.3. The Jacobian matrix 

 

     The Jacobian matrix, denoted as J, is a matrix of all first-order partial derivatives of a vector-

valued function. It contains partial derivatives of F(x) with respect to x, where x represents 

the state variables (voltage magnitudes and angles). 

     The Jacobian matrix J is typically structured as shown in equation (3.21): 
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𝐽 =

[
 
 
 
 
𝜕𝛥𝑃𝑖

𝜕𝜃𝑗

 
𝜕𝛥𝑃𝑖

𝜕𝑉𝑗

 

𝜕𝛥𝑄𝑖

𝜕𝜃𝑗

 
𝜕𝛥𝑄𝑖

𝜕𝑉𝑗

  
]
 
 
 
 

 (3.21) 

 

𝐽 =

[
 
 
 
 
 
 
 
 
 
𝜕𝛥𝑃1

𝜕𝜃1

𝜕𝛥𝑃1

𝜕 ∣ 𝑉1 ∣ 
⋯

𝜕𝛥𝑃1

𝜕𝜃𝑛

𝜕𝛥𝑃1

𝜕 ∣ 𝑉𝑛 ∣ 
𝜕𝛥𝑄1

𝜕𝜃1

𝜕𝛥𝑄1

𝜕 ∣ 𝑉1 ∣ 
⋯

𝜕𝛥𝑄1

𝜕𝜃𝑛

𝜕𝛥𝑄1

𝜕 ∣ 𝑉𝑛 ∣ 
⋮ ⋮ ⋱ ⋮ ⋮

𝜕𝛥𝑃𝑛

𝜕𝜃1

𝜕𝛥𝑃𝑛

𝜕 ∣ 𝑉1 ∣ 
⋯

𝜕𝛥𝑃𝑛

𝜕𝜃𝑛

𝜕𝛥𝑃𝑛

𝜕 ∣ 𝑉𝑛 ∣ 
𝜕𝛥𝑄𝑛

𝜕𝜃1

𝜕𝛥𝑄𝑛

𝜕 ∣ 𝑉1 ∣ 
⋯

𝜕𝛥𝑄𝑛

𝜕𝜃𝑛

𝜕𝛥𝑄𝑛

𝜕 ∣ 𝑉𝑛 ∣ 

    

]
 
 
 
 
 
 
 
 
 

 (3.22) 

  

     Where :  

• 
𝜕ΔP𝑖

𝜕𝜃𝑗
  : Represents the sensitivity of the real power mismatch at bus i in respect of a 

small change in the phase angle at bus j. 

• 
𝜕ΔP𝑖

𝜕𝑉𝑗
  : Represents the sensitivity of the real power mismatch at bus i in respect of a 

small change in the voltage magnitude at bus j. 

• 
𝜕ΔQ𝑖

𝜕𝜃𝑗
  : Represents the sensitivity of the reactive power mismatch at bus i in respect of 

a small change in the phase angle at bus j. 

• 
𝜕ΔQ𝑖

𝜕𝑉𝑗
   : Represents the sensitivity of the reactive power mismatch at bus i in respect of 

a small change in the voltage magnitude at bus j. 

• n : Represents the number of buses in the power system.  
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     Once the J computation is complete, the state variables are updated to find the corrections 

to the current guesses. The software repeats the process of recalculating mismatches, 

constructing the Jacobian matrix, solving for corrections, and updating state variables until the 

mismatches are within an acceptable tolerance. 

 

3.5. VOLTAGE UNBALANCE FACTOR  

     The International Electrotechnical Commission’s (IEC’s) definition for calculating the 

VUF is the ratio of the Negative Phase Voltage to Positive Phase Voltage as seen in equation 

(3.23) [90]. It is the same as South Africa’s NRS 048-2:2003[90] standards. 

 %𝑉𝑈𝐹 =
𝑉(−)

𝑉(+)
× 100% (3.23)  

 where:   

𝑉(−) =
𝑉𝑎𝑐 + 𝛼2𝑉𝑏𝑎 + 𝛼𝑉𝑐𝑏

3
 

(3.24)  

𝑉(+) =
𝑉𝑎𝑏 + 𝛼2𝑉𝑏𝑐 + 𝛼𝑉𝑐𝑎

3
 

(3.25)  

  

V(-) = Negative Phase Sequence Voltage. 

V(+) = Positive Phase Sequence Voltage. 

𝛼  = Angular Shift 

 

     The Nominal Voltage characteristics for power quality is outlined in [90], as follows: 
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• Nominal Voltage: 230V with a deviation limit of ±10% and a tolerance limit for the 

Voltage Unbalance Factor (VUF) of 2% for LVDNs.  

• Grid Frequency: 50Hz. 
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3.6. CONCLUSION   

This chapter covered essential aspects of modelling the integration of Plug-in Electric 

Vehicles into the Low Voltage Distribution Network (LVDN). We began with an overview of 

LVDN components, focusing on transformers, feeders, and loads, which form the backbone 

of electricity distribution. 

A key contribution of this chapter was the introduction of Stochastic Modelling for 

PEV Integration using Excel VBA code. This approach allows us to simulate various charging 

scenarios based on stochastic parameters such as time, rating, and location, providing valuable 

insights into their effect on grid performance and reliability. 

We also explored the Three-Phase Load Flow approach, detailing the application of 

the Newton-Raphson method and the Jacobian matrix for solving non-linear power flow 

equations efficiently. This robust numerical technique ensures accurate and iterative solutions. 

Additionally, we investigated the VUF to assess voltage symmetry across phases, which 

is crucial for maintaining network stability and equipment longevity. 

Overall, this chapter lays a strong foundation for analysing and optimising PEV 

integration strategies in LVDNs. By employing advanced modelling techniques and 

computational tools like Excel VBA and DigSilent PowerFactory, we are prepared to identify 

solutions that enhance grid resilience, energy efficiency, and the effective integration of 

sustainable transportation technologies.  
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Chapter 4 : SIMULATION RESULTS 

 

4.1. INTRODUCTION 

     This chapter presents the simulation results for PEV integration into South Africa’s LVDN 

system model, developed in Chapter 3, using DigSilent PowerFactory software. The 

simulations are carried out with the aim of studying the behaviour of the proposed LVDN 

against the adaptation of PEV charging activities at various integration levels and network 

configurations, such as charging on a heavily loaded and least loaded phase, as well as upper 

and downstream charging. The parameters of the network, LV Households and PEV, are used 

as loads to the developed model and the main power supply from the external grid to a step-

down transformer, and subsequently distributed into the LVDN circuitry. This network is 

modelled in respect of a portion of the City of Cape Town’s LVDN and is used as case studies 

for simulation purposes.      

 

4.2. SIMULATION RESULTS 

     Generally, in South Africa, electricity is supplied to households through an LVDN 

transformer. This transformer steps down the voltage from Medium Voltage (MV) levels of 

33kV or 11kV to the standard ±0.4kV line voltage. This voltage is then distributed to various 

Bus Bars along with a neutral line. From the Bus Bars, a single live line running parallel to a 

neutral line supplies the households with a nominal phase voltage of ±230V at 50Hz as per 

the standards. This LVDN topology is used as the base case study for simulation purposes. 

 

4.2.1. Simulation results Case A- Base Case  

        Figure 4.1 displays a three-phase unbalanced power demand profile of the nine buses LV 

residential feeder without any PEVs, indicated in red, yellow, and blue. The power demand 

profile represents the residential loads, measured from the secondary side of the distribution 

transformer. Due to loadshedding the peak demand is divided into two time periods: from 
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17:32 to 18:08 pm, and again from 20:39 to 21:06 pm, peaking at approximately 150 kW. 

Additionally, there is a loadshedding surge between 20:06 and 20:39, reaching its peak at 

217.77kW.   

     In an LVDN the VUF is measured at the bus bars along a feeder, which best paints a 

picture of the phase distribution. However, measuring closer to the supply source would 

produce a lower unbalanced factor as it is the average of its subsequent distribution points. To 

obtain a clearer reflection of the unbalance in the network under this study, we measure the 

VUF at all buses along the feeder down to the last bus. Figure 4.2 is an illustration of the VUF 

for the respective bus bars. The graph indicates that the network is still healthy in terms of its 

VUF parameter, with the peak spike VUF value of 1.8%, which is the result of the surge due 

to the return in power from loadshedding.  

     The total voltage drop witnessed in the network pre-PEV integration displays voltage levels 

that are within tolerable limits. Figure 4.3 is the Base Voltage profile pre-PEV Integration. The 

profile shows that the average voltage drop is between ±3% and ±5% voltage drops, thus 

suggesting that the current-voltage profile is healthy, despite the inrush caused by 

loadshedding. 

 

Figure 4.1: Distribution transformer loading base profile 
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Figure 4.2: Base VUF 
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Figure 4.3: Base voltage drop 

4.2.2. Simulation results Case B- Impacts of Phase and Number of PEVs on 

Voltage and VUF 

     A major challenge with integrating PEVs into an already unbalanced LVDN is the risk of 

either increasing or decreasing the VUF in the system. However, this integration could also 

have the advantage of stabilising the VUF. It is expected that integration on a heavily loaded 

phase (Phase A in this study) could potentially result in an increase in the VUF. On a lightly 

loaded phase (Phase B) it could lead to a reduction in the network’s VUF[12;17;20]. However, 

this depends on the time of charge. Charging outside of peak hours results in less loaded 

phases having a slightly increased VUF. Under this case study, PEVs are connected to only 

one phase of the network, which is charged with a 230V/3.3kWh home charger on the daily 

load profile. 

     Figures 4.4 and 4.5 illustrate the average VUF when PEVs are connected to Phase A and 

Phase B, respectively. It can be observed that when PEVs are connected to the low-load phase 
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(Phase B), the VUF remains within the acceptable limit of 2%. Additionally, this configuration 

displays a more constant aggregate VUF, ranging between 0.2% and 0.4%, with slightly 

improved VUF values compared to the Base Network. These improvements are particularly 

noticeable around 08:37 am and 20:43 pm. 

     Conversely, the connection of PEVs to a heavily loaded phase results in an increase in VUF 

deviation. The rate of charge and the position of charge on the network are critical factors 

influencing both the VUF and the voltage profile. When PEVs are connected to the heavily 

loaded Phase A, the position of charge (whether upstream or downstream of a feeder network) 

and the rate of charge significantly affect the network's voltage dynamics. This is evident in 

two primary key pointers. Firstly, an increase in load results in an increased VUF profile, 

keeping the pattern constant, which means that the ratio of the Negative Phase Voltage to the 

Positive Phase Voltage has increased as explained in Chapter 3. Secondly, increasing the load 

on a heavily loaded phase of the farthest bus bar causes serious concerns on the network. This 

demonstrates the importance of planning in PEV integration to mitigate adverse impacts on 

the LVDN. 

     Downstream charging and increased rate of charge demonstrate increased VUF, as well as 

voltage drop along the feeder. Furthermore, the increased charging rate (6.6kWh) at the 

beginning of the feeder has a lesser impact relative to 3.3kWh charging rate at the far end of 

the feeder. This can be seen on the red circles in Figure 4.6, which indicate VUF exceeding 

tolerable limits as compared to Figure 4.7, where the VUF is within parameters. It is also 

observed that load-shedding conditions induce high spikes in the profiles, more so during the 

peak hours (18:37 pm). Here we see spikes drop to the maximum tolerable limit of 0.9pu, 

suggesting that any further increase in the charging rate or network beyond this point would 

be a concern. On the other hand, Figure 4.7 demonstrates how the least loaded Phase (Phase 

B) improves the overall VUF. However, during off-peak hours, increased charging rates 

downstream relatively show small increased VUF gaps between the 3.3kWh and the base 

values. During peak hours, the VUF is improved with no visible gaps between the base values 

and the 3.3kWh charging rate. This means that PEV charging on the least loaded phase 
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improves the overall VUF. The cause of this behaviour can be defined by using equation (3.23) 

which shows that the VUF is inversely proportional to the positive phase sequence voltage; 

hence an increase in load on the heavier loaded phase increases the voltage drop on the 

positive phase sequence, which increases the VUF. Adding a load on a least loaded phase 

reduces the voltage difference between the heavily and least loaded phases, which constitutes 

an improved VUF.  

     The influence of PEV integration with loadshedding is evident in Figure 4.6. Upon power 

restoration at 12:00 and 20:00, the increased loading causes the VUF to spike, surpassing the 

safe operating limits of 2%. In contrast, on the least loaded phases, as depicted in Figure 4.7, 

the VUF profile remains within limits. 

 

 

Figure 4.4: Integration on Phase A only 
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Figure 4.5: Integration on Phase B only 

 

Figure 4.6: Phase A (heavily loaded phase) 
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.

 

Figure 4.7: Phase B (least loaded phase) 

4.2.3. Simulation results Case C- Random Integration 

     The PEV integration level is defined as the total number of PEV plugged into the LVDN, 

which is considered from 25%, 50%, 75%, and 100%, and a further 200% for a sensitivity 

analysis in this study. The simulation is run for all levels of PEV integration independently. As 

per Figure 3.6, the simulation is executed multiple times for varying load demands, as already 

explained in Chapter 3.  

Loading 

Integration Transformer Line Loading 

Tx-AD Tx-EG 

% % % % 

0 119.99 96.14 74.17 
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Table 4.2 shows the 

highest voltage drop 

values at pre-

loadshedding and post-loadshedding conditions along the feeder as PEV integration increases. 

The voltage drop is proportional to the integration of PEVs, and the voltage drops pre-

loadshedding are within the SA Standards for tolerable voltage drop limits[90]. This suggests 

that the network is capable of accommodating 100% integration prior to loadshedding; 

however, upon the return of power, loadshedding results in a spike that drops the pre-

loadshedding voltage values further by ±2.5%. Furthermore, as expected, bus bars F and G 

appear to be experiencing the highest voltage drop due to their location being furthest from 

the supply bus. Concerning voltage drops are seen from 50% PEV integration on bus G and 

a further 1.13% voltage drop on bus F above the ±10% limit, lasting up to ±10 minutes for 

100% PEV integration. However, further challenges are experienced upstream.  

Table 4.2 shows the loading impact as PEV integration increases. The distribution transformer 

is already 

experiencing overloading as a result of the loadshedding surge under the base case, which 

translates to increased loading with increased PEV integration. Lines experiencing the heaviest 

25 124.02 109.42 80.91 

50 131.49 116.45 111.30 

75 135.50 144.69 135.50 

100 139.94 151.81 118.69 

Loading 

Integration Transformer Line Loading 

Tx-AD Tx-EG 

% % % % 

0 119.99 96.14 74.17 

25 124.02 109.42 80.91 

50 131.49 116.45 111.30 

75 135.50 144.69 135.50 

100 139.94 151.81 118.69 
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loading are the two parallel lines furthest upstream, with Line Tx-AD supplying a larger load 

relative to Line Tx-EG, hence Tx-AD experiences the most overloading. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 depicts the base profile pre-PEV integration, and Figure 4.9 illustrates the 

impact at 100% PEV integration. The profiles show that the average voltage drop ranges from 

±3% to ±5%, and from ±4% to ±8% for 0% and 100% off-peak average voltage drops, thus 

suggesting that the current voltage profiles can cater for up to 100% integration for off-peak 

hours. However, a further analysis is conducted where the PEV is increased to 200% 

integration, which implies that all households have two vehicles each, all charging at the same 

time. The results are shown in Figure 4.10, which reflect an increased voltage drop to a point 

where the farthest downstream Bus Bar voltage operates at the threshold margins and on 

Voltage Drop 

Integration Pre-loadshedding Post-loadshedding Bus Bar 

% % %  

0 5.98 8.48 F 

25 6.72 9.24 G 

50 7.52 10.09 G 

75 7.81 10.43 F 

100 8.45 11.13 F 

Table 4.1: Voltage Drop 
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various intervals during off-peak hours; thus, the profile flags under-voltage conditions. This 

is due to increased current consumption in the network. 

 

Figure 4.8: Voltage Profile for 0% PEV Integration 

 

 

Figure 4.9: Voltage Profile for 100% PEV Integration 
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Importantly, even at 100% integration the voltage and VUF remain within acceptable 

limits. However, according to [14], South Africa intends to double its EV penetration by 2037; 

therefore, a sensitivity analysis study is performed to establish at what degree of integration 

would any of the phases operate outside the recommended standards during off-peak hours, 

since peak hours are cleared up by loadshedding.  

 

 

Table 4.2: Loading impact as PEV integration increases 

 

 

 

 

 

 

 

 

 

 

 

4.2.4 Sensitivity Analysis at 200% PEV Penetration 

     An extreme-case scenario is modelled to assess system performance under a 200% PEV 

penetration rate, equivalent to two PEVs per household. This stress test revealed 

significant deviations in voltage profiles, particularly at feeder ends, with VUF values 

exceeding the regulatory 2% limit. The increased load concentration intensified phase 

imbalance, elevated neutral currents, and contributed to more pronounced voltage dips 

during simultaneous charging periods. These findings underscore the importance of 

controlled integration mechanisms, such as phase-aware allocation and coordinated 

Loading 

Integration Transformer Line Loading 

Tx-AD Tx-EG 

% % % % 

0 119.99 96.14 74.17 

25 124.02 109.42 80.91 

50 131.49 116.45 111.30 

75 135.50 144.69 135.50 

100 139.94 151.81 118.69 
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charging strategies, to preserve voltage quality in high-penetration environments. Results 

from the 200% integration Figure 4.10 indicate that voltage and VUF issues that could 

occur in South Africa’s network in the future. 

 

 

Figure 4.10: Voltage profile for 200% PEV integration 

 

4.3. CONCLUSION 

     The integration of PEVs into South Africa’s LVDN, as simulated in this study, highlights 

the potential impacts on voltage profiles and the VUF. The results indicate that the LVDN 

can accommodate up to 100% PEV integration under normal conditions, with the voltage and 

VUF remaining within acceptable limits. However, during loadshedding and subsequent 

power restoration, voltage drops and VUF spikes pose significant challenges, particularly on 

heavily loaded phases and during high charging rates. Sensitivity analysis for 200% PEV 

integration further reveals that future increases in EV penetration could lead to voltage and 

VUF issues. These findings underscore the importance of planning for future LVDNs and 

optimising PEV charging patterns to mitigate adverse effects on future LVDNs. 
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Chapter 5 : CONCLUSION AND FUTURE WORK 

5.1. CONCLUSION  

     This chapter outlines the conclusion of the research carried out, based on the analysis and 

modelling of the uncoordinated impact of Plug-In Electric Vehicles’ charging patterns on the 

low-voltage distribution network (LVDN). The aim of this study was to investigate the impacts 

on the voltage profile and VUF for stochastic integration of single-phase PEV charging, 

focusing on time, rating and location of charging at residential households. 

     Chapter 2 outlines a theoretical overview of the integration of Plug-in Electric Vehicles 

(PEVs) into the LVDN in South Africa. It explores existing studies on the behaviour and 

impact of PEV charging, focusing on types of PEVs, their environmental benefits, and 

economic implications. The chapter addresses power quality and network stability issues, 

including voltage profile characteristics, coordinated charging strategies, and loadshedding. It 

also discusses the uncertainties in PEV charging and methodologies to address them, using 

methods of analysis in DigSilent PowerFactory. 

     Chapter 3 shows the different steps for the mathematical modelling of the LVDN and its 

system components, and the calculation framework adopted. The proposed network 

configuration consisted of the external grid, distribution transformer, bus bars, underground 

cables, low-voltage residential loads and PEVs. The corresponding simulation model has been 

developed, using DigSilent PowerFactory. 

      Chapter 4 performed the simulations based on the PEV integration case study models 

developed in Chapter 3, using DigSilent PowerFactory. The simulations are carried out with a 

view to studying the behaviour of the LVDN as PEV charging activities are integrated into 

the network, primarily focusing on time, rating and location of charging at residential 

households. The load profile and the LVDN parameters of the three phases to single phase 

distribution systems used was obtained from the City of Cape Town in South Africa, and was 

used during simulations. The results of the different case studies have shown that the LVDN 
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can host PEV up to 100% integration, with challenges being identified with regard to 

positional charging and time of charge. 

5.2. RECOMMENDATIONS 

     Based on the findings of this study, several practical recommendations are proposed to 

mitigate the negative impacts of Plug-in Electric Vehicle integration on South Africa’s Low 

Voltage Distribution Network: 

• Time-of-Use Charging Incentives 

Encourage off-peak charging through differential electricity pricing or time-of-use 

tariffs to reduce demand during peak hours and after load shedding. 

• Smart Charging Infrastructure 

Implement smart charging systems capable of dynamic load management, prioritising 

balanced phase allocation and coordinating charging times to prevent overloads and 

reduce VUF deviations. 

• Load Forecasting and Phase Balancing 

Employ real-time load forecasting and enforce phase balancing strategies in 

residential areas to avoid uneven phase loading and voltage instability. 

• Vehicle-to-Grid (V2G) Integration 

Explore V2G capabilities where PEVs can temporarily discharge power back to the 

grid during peak demand or recovery from load shedding, providing ancillary 

support. 

• Public Awareness and Education 

Raise awareness among consumers about optimal charging behaviours and the 

broader grid impacts of uncoordinated charging, particularly after load restoration 

events. 
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• Infrastructure Upgrades 

Plan for long-term upgrades to residential feeders, distribution transformers, and 

control systems to handle increased PEV penetration.    

 

5.3. FUTURE WORK 

     The study revealed that undertaking research in the following areas is important:  

• Further studies on Frequency analysis and coordinated charging strategies’ impact on 

LVDNs for loadshedding conditions. 

• Investigating how current load-modelling techniques used in LVDN design standards 

could consider the integration of PEVs as a general household load. 
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