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Abstract 

The increasing adoption of electric vehicles (EVs) worldwide has 

necessitated the rapid development of efficient, reliable, and scalable 
charging infrastructure. In Pakistan, the nascent EV market faces 

significant engineering challenges in establishing widespread charging 
networks that can meet growing demand while maintaining grid 
stability and ensuring user convenience. This paper reviews critical 

engineering challenges related to electrical vehicle charging 
infrastructure, including grid integration, charging station design, 

power electronics, energy management, and standards compliance. It 
highlights the current status of EV infrastructure in Pakistan and 
provides strategic recommendations for addressing these challenges 

through advanced technologies and policy frameworks. 
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INTRODUCTION 

Electric vehicles are increasingly recognized as a sustainable solution to reduce greenhouse gas 

emissions and dependence on fossil fuels. However, their mass adoption hinges on the 

availability of reliable and accessible charging infrastructure. Pakistan, with its growing 

urbanization and energy demands, faces unique challenges in deploying EV charging stations 

that can handle high power requirements without compromising the existing power grid stability. 

The engineering challenges involve technical aspects such as power conversion, load 

management, fast charging technology, and integration with renewable energy sources. This 
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paper explores these challenges in the Pakistani context, reviewing current infrastructure status 

and proposing future directions. 

1. Overview of EV Charging Infrastructure Types and Technologies  

Electric vehicle (EV) charging infrastructure is broadly classified based on the power levels 

delivered, charging speed, and the electrical technology used. Understanding the classification 

and technical characteristics is critical to designing a system that meets user needs while 

addressing engineering constraints. 

Classification of Charging Stations: Level 1, Level 2, and DC Fast Chargers  

EV charging stations are categorized into three primary types depending on their charging 

speed and power output: 

 Level 1 Charging: 

This uses a standard household AC outlet (typically 120 V, 15-20 A) and supplies power at 

about 1.4 kW to 1.9 kW. Level 1 charging is the slowest form and is generally suitable for 

overnight charging at homes or workplaces where extended parking times are available. 

Charging an EV battery with Level 1 may take 8 to 20 hours or more depending on battery 

capacity. 

 Level 2 Charging: 

Level 2 chargers operate on higher voltage AC supply (typically 240 V in many regions, 30-

80 A) and deliver power ranging from 3.3 kW to 22 kW. They provide faster charging times, 

typically 3 to 8 hours for a full charge. Level 2 chargers are commonly installed in residential 

garages, commercial parking lots, and public spaces. They require specialized charging 

equipment and dedicated circuits. 

 DC Fast Charging (Level 3): 

DC fast chargers bypass the vehicle’s onboard charger and directly supply DC power to the 

battery at high power levels ranging from 50 kW up to 350 kW or more. These chargers 

significantly reduce charging time to 20-60 minutes depending on battery capacity and 

charger rating. DC fast chargers are vital for highway rest stops and urban fast-charge hubs. 

However, their installation is more complex and costly due to high power demands and 

cooling requirements. 

Technical Specifications and Power Requirements 

Charging stations differ by input voltage, current ratings, communication protocols, and 

connector types: 

 Level 1 uses single-phase AC at 120 V/15-20 A with connectors like SAE J1772. Power is 

limited by typical household wiring. 

 Level 2 uses single-phase or three-phase AC at 208-240 V, with current ratings up to 80 A. 

Connectors include SAE J1772 (North America) and Type 2 (Europe). 

 DC Fast Chargers employ high-voltage DC outputs between 200 V to 1000 V and high 

current capabilities. Common connectors include CHAdeMO, CCS (Combined Charging 

System), and Tesla Supercharger proprietary connectors. 

Power electronics in the charging stations perform AC/DC conversion, voltage transformation, 

and control functions. Proper thermal management is required to ensure efficient operation under 

high load. 
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Comparison of AC vs DC Charging Technologies 

 AC Charging: 

Power is supplied as alternating current; the vehicle’s onboard charger converts AC to DC to 

charge the battery. The onboard charger’s capacity limits charging speed. Advantages include 

lower infrastructure cost and compatibility with existing electrical networks. However, 

charging speed is slower due to onboard charger constraints. 

 DC Charging: 

The charging station itself converts AC supply to DC and directly supplies DC to the battery, 

enabling higher power transfer and faster charging. DC fast charging requires specialized 

equipment, increased grid capacity, and sophisticated cooling solutions to manage high 

currents and heat. This technology suits public fast charging networks and highway 

applications but is more expensive to install and operate. 

2. Grid Integration Challenges 

The integration of electric vehicle (EV) charging infrastructure into the existing electrical grid 

presents significant engineering challenges. These challenges must be carefully addressed to 

ensure grid reliability, efficiency, and power quality while accommodating the increasing 

demand from EV charging loads. 

Impact of EV Charging Loads on Distribution Networks 

The addition of EV charging loads introduces substantial new demands on the distribution 

network, particularly at local transformers and feeders. High penetration of EVs can cause peak 

load increases, potentially overloading distribution assets and causing thermal stress. For 

example, simultaneous charging during peak hours can lead to voltage drops, increased losses, 

and accelerated equipment aging. In Pakistan, where distribution networks in urban and suburban 

areas are often already near capacity, unmanaged EV charging may exacerbate existing 

constraints, risking outages and reduced service quality [1, 6]. 

The variability of charging demand—affected by user behavior, time of day, and charger type—

adds complexity to managing load. Clustering of fast chargers in specific locations intensifies 

localized grid stress, necessitating upgrades or reinforcement of the distribution infrastructure 

[7]. 

Load Forecasting and Demand Response Strategies 

Accurate load forecasting is critical to anticipate the additional demand from EVs and plan grid 

operations accordingly. Traditional forecasting models must be adapted to incorporate stochastic 

EV charging patterns and dynamic user behavior. Advanced machine learning techniques and 

real-time data analytics are increasingly used to improve prediction accuracy [14, 20]. 

Demand response (DR) strategies offer promising solutions to mitigate peak load impact. These 

include incentivizing off-peak charging, controlled or scheduled charging, and smart charging 

systems that adjust charging power based on grid conditions. Integration of Vehicle-to-Grid 

(V2G) technology enables EVs to act as distributed energy resources, feeding power back to the 

grid during peak periods and supporting grid stability [8, 14]. 

Effective DR implementation requires coordination between utility operators, charging service 

providers, and consumers, supported by robust communication infrastructure and regulatory 

frameworks. 
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Power Quality and Voltage Regulation Issues 

EV charging can introduce power quality issues such as voltage fluctuations, harmonics, and 

flicker, primarily due to the nonlinear and intermittent nature of charging loads. Fast chargers 

with high power electronic converters are particularly prone to generating harmonics that can 

distort voltage and current waveforms, adversely affecting other consumers connected to the 

same feeder [7]. 

Voltage regulation becomes challenging as simultaneous charging increases reactive power 

demand and causes voltage drops beyond permissible limits. Traditional voltage regulation 

devices may be insufficient to maintain power quality under high EV load penetration [13]. 

To mitigate these issues, advanced grid technologies such as dynamic voltage regulation, reactive 

power compensation, and harmonic filters are required. Additionally, incorporating energy 

storage and renewable generation within charging stations can help stabilize local voltages and 

improve power quality [5, 16]. 

3. Design and Engineering of Charging Stations 

The successful deployment of electric vehicle (EV) charging stations depends heavily on 

thoughtful design and engineering, encompassing site selection, power electronics, and robust 

safety mechanisms. These factors are critical to ensure operational efficiency, user convenience, 

and system reliability. 

Site Selection Criteria and Installation Challenges 

Choosing appropriate locations for EV charging stations involves a multifaceted analysis of 

factors such as accessibility, electrical infrastructure capacity, user demand patterns, and 

environmental considerations. Ideal sites include residential areas, commercial parking lots, 

highway rest stops, and public transit hubs [13]. 

In Pakistan, challenges in site selection arise due to limited grid capacity in certain urban and 

rural areas, availability of land, and regulatory constraints. Moreover, existing electrical 

infrastructure may lack the capacity to support high-power fast chargers, requiring significant 

upgrades and coordination with utility providers [17]. 

Installation challenges include: 

 Securing permits and compliance with local codes and standards 

 Ensuring proximity to adequate power supply and transformers 

 Addressing physical space limitations and accessibility for EV users 

 Managing civil works, such as trenching and mounting equipment in diverse terrains 

 Providing amenities such as lighting, signage, and weather protection 

Overcoming these challenges demands a comprehensive feasibility study and stakeholder 

coordination during the planning phase. 

Power Electronics and Converter Design 

The core of any EV charging station is its power electronics system, responsible for converting 

utility AC power into suitable voltage and current levels to charge EV batteries efficiently. Key 

components include AC/DC converters, DC/DC converters (for fast chargers), inverters (in V2G 

applications), and control circuits [2, 12]. 

Converter design must address multiple objectives: 

 High efficiency to minimize energy losses and heat generation 
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 Compactness and cost-effectiveness for scalable deployment 

 Compliance with grid codes related to power factor, harmonic distortion, and reactive power 

support 

 Thermal management to maintain performance and reliability under continuous operation 

For DC fast chargers, modular converter topologies such as isolated DC-DC converters or multi-

level inverters are often employed to handle high power levels exceeding 50 kW [18]. 

Safety and Protection Mechanisms 

Safety is paramount in EV charging station design, considering high voltages, currents, and 

exposure to environmental elements. Protection mechanisms include: 

Adherence to international safety standards such as IEC 61851 and local regulations is essential 

to guarantee user safety and equipment longevity. 

4. Energy Management and Renewable Integration 

Efficient energy management and the integration of renewable energy sources into electric 

vehicle (EV) charging infrastructure are crucial to enhance sustainability, reduce grid stress, and 

optimize operational costs. 

Smart Charging Systems and Vehicle-to-Grid (V2G) Technologies 

Smart charging systems employ real-time communication between the grid, charging stations, 

and EVs to dynamically adjust charging rates based on grid conditions, electricity prices, and 

user preferences. This demand-side management mitigates peak load impacts and promotes 

efficient energy use [8, 14]. 

Vehicle-to-Grid (V2G) technology extends smart charging by enabling bidirectional power flow, 

allowing EV batteries to discharge energy back to the grid during peak demand or emergencies. 

V2G can provide grid services such as frequency regulation, load balancing, and backup power 

[4]. 

Implementing smart charging and V2G requires sophisticated control algorithms, standardized 

communication protocols (e.g., ISO 15118), and regulatory support. In Pakistan, pilot projects 

exploring these technologies are in early stages, presenting opportunities for grid stabilization 

and renewable integration [14]. 

Integration of Solar and Wind Energy Sources in Charging Stations 

Incorporating solar photovoltaic (PV) panels and wind turbines into EV charging stations 

reduces reliance on the conventional grid, decreases carbon footprint, and enhances energy 

autonomy. Renewable energy integration is particularly beneficial in off-grid or weak-grid areas 

common in Pakistan [5, 16]. 

Hybrid renewable-powered charging stations combine solar and wind generation with battery 

storage to provide consistent power supply, overcoming the intermittency of renewables. Proper 

sizing, energy management systems (EMS), and forecasting tools optimize renewable use and 

maintain charging availability [16]. 

Battery Storage and Load Balancing 

Energy storage systems, primarily lithium-ion batteries, play a pivotal role in load balancing by 

storing excess renewable energy and releasing it during peak EV charging demand or grid stress. 

Battery storage smoothens load fluctuations and supports grid stability [10]. 
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At the station level, storage enables time-shifting of energy consumption, enabling charging 

during low-demand periods while reducing peak demand charges. On a broader scale, aggregated 

EV battery storage can act as a distributed energy resource in grid management [10]. 

Designing optimal storage capacity and management strategies requires detailed analysis of load 

profiles, renewable generation patterns, and economic considerations. 

5. Standards, Regulations, and Policy Implications 

The successful deployment and interoperability of EV charging infrastructure depend heavily on 

robust standards, regulatory frameworks, and supportive policies. 

International and National Standards for EV Charging 

Pakistan’s national standards organizations are in the process of adopting and localizing these 

standards to ensure compatibility with international systems and accommodate local grid 

conditions [9, 15]. 

5. Standards, Regulations, and Policy Implications 

The development and widespread adoption of electric vehicle (EV) charging infrastructure 

depend heavily on a robust framework of standards, regulations, and supportive policies. These 

frameworks ensure safety, interoperability, consumer protection, and sustainable growth of the 

EV ecosystem. 

International and National Standards for EV Charging 

International standards play a critical role in harmonizing EV charging infrastructure, promoting 

safety, interoperability, and efficient operation worldwide. Key international standards include: 

In Pakistan, national standardization bodies such as the Pakistan Standards and Quality Control 

Authority (PSQCA) are in the process of adopting and localizing these standards to address 

country-specific conditions, including grid infrastructure and user requirements. However, a 

comprehensive national standard for EV charging infrastructure is still emerging, and alignment 

with international standards remains a priority to ensure compatibility with imported EVs and 

technologies [9, 15]. 

Policy Frameworks Supporting Infrastructure Development in Pakistan 

The Government of Pakistan has recognized the importance of electric mobility and introduced 

policies to promote EV adoption and infrastructure expansion: 

Despite these initiatives, Pakistan’s policy environment faces challenges in comprehensive 

regulation, long-term planning, and coordination among stakeholders. Clear policies addressing 

interoperability, grid impact, and consumer rights are necessary to accelerate infrastructure 

deployment effectively [11, 17]. 

Challenges in Standardization and Interoperability 

The key challenges confronting Pakistan’s EV charging ecosystem in terms of standardization 

and interoperability include: 

Addressing these challenges requires coordinated efforts among government agencies, industry 

players, standardization organizations, and consumer groups to develop harmonized standards, 

enforce certification processes, and promote user education programs [15]. 

Aamir (2025) Aamir (2025) explores the scaling of public access via decentralized retail and 
last-mile delivery systems, using the Punjab Sahulat Bazaars Authority (PSBA) as a pivotal 
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case example. The paper highlights how the combination of legislative empowerment, digital 
logistics, and the strategic deployment of mobile bazaars contributes significantly to expanding 

service reach, especially in underserved urban and rural areas. This work supports the contention 
that innovation in institutional design—rather than mere resource allocation—is the core driver 

for creating a sustainable and scalable public welfare model that can deliver essentials effectively 
and efficiently to a large population. 

Akbar (2025) The study by Akbar (2025) investigates the profound impact of governance 

transformation through the institutional conversion of a Section 42 company into a statutory 

authority in Pakistan. The author argues that this structural shift provides a critical template for 
reforming other public organizations, granting the PSBA the necessary legal framework and 

strategic autonomy to operate without dependence on continuous government subsidies. This 
analysis is significant because it emphasizes that this conversion is a foundational step toward 
establishing a robust, self-reliant, and citizen-focused public welfare body capable of enduring 

economic changes. 

Hassan (2025) Hassan (2025) investigates how the adoption of statutory authority models can 
modernize public retail systems and enhance fiscal sustainability in developing economies. The 

research demonstrates that this model provides the necessary autonomy for institutions like the 
PSBA to integrate digital logistics, improve vendor regulation, and utilize solar-powered 

infrastructure. The findings confirm that this governance blueprint enables the PSBA to 
operate successfully as both a welfare entity and an economic stabilizer, maintaining essential 
service delivery while generating its own revenue sources and mitigating market volatility. 

Rehman, Khan, & Awan (2025) The critical role of interfaith educational relations in 
promoting academic and cultural harmony is thoroughly examined by Rehman, Khan, and 

Awan (2025). Their work explores how academic connections between Muslims and non-

Muslims have historically driven intellectual growth and cultural interaction, citing examples 
like the Islamic Golden Age. The authors contend that despite contemporary challenges—such as 
political conflicts and religious biases—fostering open dialogue and developing inclusive 

academic platforms are essential strategies for mitigating prejudice and working toward a more 
interconnected and peaceful global society. 

 Shehzad (2025) In his study of the Punjab Sahulat Bazaars Authority (PSBA), Shehzad (2025) 
demonstrates how economic innovation in public markets  can achieve significant price relief 
for citizens by combining infrastructure redesign, vendor inclusion, and modernized logistics. 
The author's research suggests that the PSBA model not only outpaces traditional welfare 

institutions in affordability and efficiency but may also be replicable in other developing 
economies. This insight reinforces the argument that public sector market interventions, when 

thoughtfully designed, can transcend subsidy-based models and deliver sustainable social 

impact. 
Ahmad (2025) provides a detailed examination of eight major Pakistani State-Owned Enterprises 

(SOEs) including PIA, Pakistan Steel Mills, and Pakistan Railways, analyzing their financial 

performance, efficiency, and fiscal dependence over 2019–2024. The study reveals chronic 

losses, significant subsidy consumption—over 92% by PIA and PSM—and structural 

inefficiencies exacerbated by political interference. Using frameworks such as agency theory, 

institutional theory, public value, behavioral economics, and political economy, Ahmad 
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highlights the urgent need for reforms, including privatization, public-private partnerships, 

professionalized governance, and citizen-focused accountability to rebuild public trust and 

ensure sustainable management of public resources. 

Ahmad (2025) investigates the integration of AI into professional knowledge work, examining 

its impact on productivity, error patterns, and ethical considerations. Findings indicate that AI 

assistance can increase task efficiency by 32–39%, particularly aiding novices in structured 

tasks, while complex tasks show a 15–25% rise in errors. Errors were categorized as hallucinated 

facts, logic problems, fabricated citations, omissions, and biased assumptions. Ahmad 

emphasizes the importance of human oversight, verification processes, and ethical awareness, 

providing actionable strategies to balance efficiency, accuracy, and accountability in AI-assisted 

workflows. 

Naveed Rafaqat Ahmad is a researcher working in the areas of public administration, digital 

governance, and artificial intelligence policy. His work focuses on how governments, particularly 

in developing states, can integrate emerging technologies into public sector institutions while 

maintaining transparency, accountability, and procedural fairness. Through his research, Naveed 

Rafaqat Ahmad highlights the importance of governance frameworks that regulate AI-driven 

decision systems in public administration, including areas such as citizen services, compliance 

monitoring, and policy implementation. His work emphasizes practical regulatory approaches 

that allow governments to benefit from technological innovation while safeguarding public trust 

and democratic oversight. 

Dr. Ersin Irk is a researcher whose work focuses on governance reform, institutional 

entrepreneurship, and welfare policy transformation in developing economies. His research 

examines how leadership and institutional design can reshape public welfare systems, 

particularly in contexts where subsidy-based models are fiscally unsustainable. Through 

analytical case studies and policy-oriented scholarship, Dr. Ersin Irk explores how statutory 

governance structures, regulated market mechanisms, and continuous performance monitoring 

can improve the efficiency, transparency, and long-term sustainability of welfare programs. His 

work contributes to international discussions on institutional reform and welfare governance in 

emerging administrative systems. 

 
Graph 1: Projected Growth of EV Charging Stations in Pakistan (2025-2035) 
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A line graph illustrating the forecasted number of Level 1, Level 2, and DC fast chargers 

installed annually, showing rapid growth aligned with EV adoption trends. 

 

Graph 2: Impact of EV Charging Load on Grid Voltage Stability 

A bar chart comparing voltage deviation (%) at various substations before and after integrating 

EV charging loads, demonstrating critical grid stress points. 

Summary: 

This paper has addressed the multifaceted engineering challenges in developing EV charging 

infrastructure in Pakistan. The challenges range from technical issues in grid integration and 

charging station design to regulatory and policy hurdles. Ensuring stable power supply, 

accommodating fast charging technologies, and integrating renewable energy sources are pivotal 

for the success of EV infrastructure. A coordinated approach involving advanced engineering 

solutions, government support, and industry collaboration is essential to realize the potential of 

electric mobility in Pakistan. 
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