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Popularity of Electric vehicles in the developed countries have increased in the effort to 

protect the environment by reducing the greenhouse gas emissions produced from 

transportation. Charging EVs will act as an additional load for the current energy 

infrastructure and its increased penetration and uncontrolled charging will lead to various 

problems including power losses and grid congestions in the network.  

 

This research work follows a systematic approach to find solution for the problems related to 

the EV charging and grid congestion. This thesis is divided into three different parts. The 

first part explores the new concept of packetized energy by literature-based search, providing 

useful theoretical data for the checking the feasibility of packetized energy management in 

EV charging. The second part helps in comparing three different type of charging systems, 

which are uncontrolled, system-controlled and self-controlled charging. Pairwise comparison 

questionnaire was used to gather data from 11 academic experts and analyzed using the 

Analytical hierarchical process (AHP) through SuperDecisions software. In the third part of 

this work, two innovative solutions are proposed for EV’s charging using Duncker diagram. 

 

Available literature related to “packetized energy” showed that the concept is relatively new 

but still it has the potential to manage electric network and EV’s charging. AHP analysis 

concluded that system-controlled charging is the most suitable for environment while 

uncontrolled charging will lead to grid congestion. The two proposed solutions; battery 

backup system and mobile-controlled reservation system will control excess load on the grid 

by helping users to choose optimal time for charging or supporting the grid to fulfil the extra 

demand from the storage batteries, leading to environment friendly and green EV charging. 
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1. Introduction 

 

One of the biggest challenges for humanity in 21st century is climate change. Consumption of 

natural resources have increased over the time which has an adverse effect on the environment. 

To reduce Greenhouse gas emissions (GHGs), the idea for electrification of transportation is 

under limelight. Due to environmental advantage and energy efficiency, the future of electric 

vehicles seems promising (EPRI and NRDC, 2007). But, adding this additional load of the EV 

charging to the current electrical system has risen some concerns. The electrical system 

providers should accept EVs as a new type of load and plan to protect the electrical systems 

from technical impact which EV charging might cause. 

 

In this introductory section, an overview of the motivation and background for the study of 

research is given. Next, the research aim and problems are stated and finally the overall structure 

of the thesis is presented. 

 

1.1. Background  

 

Road transportation is very important for modern society because it enables easy movement of 

people and goods (Rautiainen, 2015). It also helps in trade between people which leads to 

development of human civilization. Transportation has a lot of advantages but also it is one of 

the major consumers of energy, and most of the energy is provided from petroleum. The 

uncertainties in the production of oil and increase demand has economic challenges for growth 

of a country (Partanen, Paloheimo and Waris, 2015). 

 

In addition to the economic challenges, transportation also has a key role in climate change by 

affecting the environment. According to Serradilla et al, (2017), “the second largest contributor 

to greenhouse gas emissions in the European Union (EU) after the energy sector”. For reduction 

of GHG emissions, the plan is to adopt Electric vehicles (EVs) on large scale. The key driver 
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for EV adoption is local incentives, regulatory policies and charging infrastructure (Bakker and 

Jacob Trip, 2013). 

 

Adoption of EVs will have a huge impact on the environment because they will help to reduce 

Greenhouse Gas (GHG) emissions, but at the same time these EVs will require electricity for 

charging. Shifting the energy demands of transportation on the current electrical system have 

rose some concerns. The current electricity system is not fully ready to support high penetration 

of EV charging. Normally people charge their EVs at home, which mainly depends on the 

behavior of the user. This uncontrolled charging of EVs at home will lead to new form of 

distribution system problems (Hajimiragha et al., 2010). Large EV penetration will threaten the 

stability of the grid, for which an intelligent energy management system is required (Su et al., 

2012). 

 

Several papers have focused on finding new ways of managing EV charging. Different concepts 

have been proposed by various researchers, in which the concept of packetized energy has also 

been introduced. In a packetized energy network, a user will have to request for the energy 

packets and depending on the systems current condition, the users request will either be 

approved or rejected. This concept of managing energy system by using energy packets has 

been researched and tested by controlling the thermostatic loads. Also, Rezaei, Frolik and Hines 

(2014) have proposed a packetized approach for managing EV charging. 

 

1.2. Research objectives 

 

This research has three different objectives. The first objective is to check feasibility of the 

concept of packetized energy using literature review. The second objective is to find the best 

EV charging method which has the most positive environmental impact according to the 

academic experts. The final objective is to propose new innovative charging management 

solution which can help reduce grid congestion. 
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1.3. Research questions 

 

 

To achieve the objectives of this research work, the following questions are needed to be 

answered. 

 

RQ1 What are the benefits of packetized energy model over tradition model? Is it 

technologically feasible to up-scale? 

 

RQ2 What are the impacts of different kind of EV charging on the environment?  

 

 RQ3 How to manage electric vehicle charging to help the grid management and avoid 

potential stability/overcapacity problems? 

 

1.4. Research scope  

 

This research mainly focuses on comparing the available EV charging systems and 

investigating their impact on both environment and the power grid. Impact of the charging is 

assessed based on specific selective criteria and opinions from academic experts. This thesis 

work concentrates entirely on managing of EV charging to reduce grid congestion, whereas 

other electricity powered devices are not a part of this work. For the proposed solutions, it is 

assumed that everything is connected through IoT and both solutions are limited to the idea 

generation phase. Cost of infrastructure, price of the energy units, percentage of load reduction 

and simulation of the proposed solutions are delimited from the scope of this work. 
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1.5. Thesis structure 

 

This research work consists of 9 chapters which are organized in an order presented in Figure 

1. 

 

Chapter 1: This chapter gives information about the background and overview of the research. 

It explains objectives of the research and the questions to be answered. 

 

Chapter 2:  In this chapter, the theoretical framework for the research is created. Detailed 

literature review is performed to get vital information for topic of research. 

 

Chapter 3: Following the literature review, this chapter provides an insight into the methods 

used for data collection for both qualitative and quantitative part of the research. It also provides 

details of the tools used for data analysis and problem solving. 

 

Chapter 4: This chapter provides detail about the AHP calculation model used for the empirical 

part of the research. In addition, this section provides information about the criteria and 

alternatives selected for this research and how the data is analyzed using the SuperDecisions 

software. 

 

Chapter 5: In this chapter, results of the AHP analysis are discussed. Overall and local 

priorities of the alternative are explained. Also, sensitivity analysis has been performed on 

minimum and maximum points for each criterion to check the impact. 

 

Chapter 6: In this chapter, the third objective of the research work is addressed. Two innovative 

solutions for managing EV charging have been proposed by following a systematic approach 

for reducing of grid congestion. Concept of models and their working have been explained for 

both solutions in this section. 
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Chapter 7: This chapter presents discussion of the study. It shows the main findings of the 

research and presents the overall significance of the work. This chapter also sheds light on the 

limitations of the research. 

 

Chapter 8: This final chapter of the research contains the conclusion of the research. Research 

objectives and questions are also concluded to show the accomplishment of the thesis. This part 

also includes recommendation for future research. 

  

 

Figure 1 Thesis structure 
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2. Literature review 

 

Developing a relevant theoretical base before collecting data for research is always crucial (Yin, 

2009). This chapter provides a brief detail of demand response and explains the novel concept 

of packetized energy and electric vehicles charging. 

 

2.1. Demand response 

 

Demand Response (DR) means that the end user changes their behavior from normal 

consumption in response to the changed price of electricity over time or incentives for lower 

electricity use during high wholesale market prices. (FERC, 2012). It can also be described as 

reduction in the use of electricity when there is a lack of generation due to network capacity. It 

can help in mitigating the challenges which are caused by random generation of electricity 

(Kies, Schyska and von Bremen, 2016) and helping to keep away from spillage during windy 

days (Dietrich et al., 2012). According to Holland and Mansur (2008) shifting consumption 

from the peak hour can help in reducing high emission energy which is generated during the 

peak demand. 

 

The most common use-cases for DR response are to ensure the system stability in peak hours 

and peak shaving on the electricity. DR can be normally categorized into three groups. The first 

group of demand response is stated as Economic DR (Heshmati, 2013), which on the basis of 

fundamentals is the nearest to the classical demand repose. The aim of this is to perform day-

in-day-out in the electricity market. The second group is Emergency DR (Heshmati, 2013), 

which is performed during the time of critical peak hours. Economic DR can be applied several 

times a day while Emergency DR is used in a small number per year (PJM Interconnection, 

2012). The third group is defined as Ancillary DR, which means supporting tasks for the 

reliability of the electricity grid.  It is mostly used for regulation of grid voltage and frequency 

containment. 
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2.2. Packetized energy 

 

It is very important for the power systems to generate enough power to fulfil energy demands. 

With increasing human population and modernization in technologies, energy demand is also 

increasing. That’s why it is necessary to have a system which can forecast and control the 

energy demand. Using publicly available detailed data to Forecast energy demand has got a lot 

of attention (Ramanathan et al., 1997). Due to old fashion of uncoordinated charging, the power 

grid has been exposed to load fluctuation which are costly. Out of all loads, the thermostatic 

loads are the major contributors to peak usage (Ramanathan and Vittal, 2008), which plays a 

major part in grid congestion. To maintain the stability of the gird and reduce generation cost, 

it is necessary to reduce the amount of generation reserves. For this purpose, energy production 

from renewable energy resources (RES) are becoming more important. The use of RES 

introduces an unpredictable element at the supply side, which can be dealt by fine tuning the 

demand side accordingly to meet the supply. 

 

From the past decades, there has been a significant development in communication services and 

network-controlled system technologies (Antsaklis and Baillieul, 2007). Also, novel concepts 

are developed to control smart appliances, such as the Internet of things (IoT) (ReadWrite, 

2018). IoT refers to the interconnection of smart objects via a network, which enables 

communication with human beings as well as other devices (Xia et al., 2012). To fulfil the 

energy demands and reduce the extra cost on energy, the concept of energy internet was 

introduced which is also considered in various scientific research as the next level of smart 

grids. An article called Building the energy internet was published by the prestigious magazine 

The Economist (2004), which described the idea of using information and communication to 

build a smart and more intelligent electricity grid. 

 

The idea of considering energy networks as a packetized system is similar to the way mobile 

data networks and internet is managed. Packet switching technologies have enabled modern 

networks for data transmission, it helps to provide fairness in data delivery (Kleinrock, 1961). 

Two Japanese researchers, Saitoh and Toyoda (1996), introduced the idea of “packet electric 
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power transportation” to manage excess energy in a network. Relying on G-Network theory 

(Gelenbe, 1994), this idea of packetized energy network was also developed by Gelenbe and 

his team members in multiple papers (e.g. (Gelenbe, 2012), (Gelenbe and Ceran, 2016)). 

Considering a local area network, Ma, Song and Li (2018) proposed an efficient transmission 

and subscriber matching protocol for its operations as shown in Figure 2. This enables the 

routers to supply power over different router by matching the subscribers and demand supplier. 

Subscriber matching phenomenon helps in both benefiting the subscribers and creating an 

algorithm for the problem. 

 

 

 
Figure 2 Model adopted from abstraction of the local area packetized-power network (Ma, Song and Li, 2018) 

  

Tsoukalas and Gao (2008) treated AC power consumption as discrete packets, from which we 

can say that the energy packet we are describing also become cyber-physical. In this case, the  

energy consumption of the specific appliance is discretized to achieve the predetermined goal 

by managing the load. There have been several researches done by discretizing appliance load 
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and managing it via packets. Lee, Kim and Kim (2011), suggested air conditioner load 

management technique based on queuing theory and Markov birth-death process. In this 

technique, energy tokens (packets) are used for turning on and off the air conditioner. Zhang 

and Baillieul (2012) proposed a packetized direct load control method for controlling 

temperature of the air conditioner. A thermal dynamic model was used to check the duty cycle 

of the appliances. Zhang and Baillieul, (2013) extended their previous concept of (Zhang and 

Baillieul, 2012), by allowing appliances to request or withdrawn energy packets according to 

their need. This process of request and withdrawal is on queuing system having numerous 

servers and probabilistic returns. 

 

Current energy system consists of a grid and large number of interconnections to improve the 

reliability. But these extensive interconnections can also make problem and increase the risk of 

wide area failures. A small grid failure can lead to a large blackout. Also, in the current grid 

architecture, it will become hard to manage the fluctuation caused by the increasing proportion 

of renewables. For this purpose, Abe, Taoka and McQuilkin (2011) introduced the concept of 

“digital grid”, here all the large grids are divided into small grids which works asynchronously 

and are connected via digital grid routers. These routers will communicate for sending power 

between the segmented grids using the same power lines. This concept enables to have a strong 

and health grid with the ability to store large proportion of renewable energy: Digital grid will 

also be helpful in introducing all the new services like energy trading, energy storage and 

emergency energy supply. 

 

Packetized approach has also been used to manage electric vehicle charging by Rezaei, Frolik 

and Hines (2014). Each electric vehicle needs to request for charging, depending of time 

availability of energy packets, it can either be approved or rejected. This concept has been taken 

from communication network which helps to serve all users fairly, considering the network 

constraints. Almassalkhi, Frolik and Hines (2017) described a real time approach to manage 

thermostatically controlled appliances, which is known as packetized energy management. In 

this scheme, a probabilistic approach is used for delivering energy. Thermostatically controlled 

load asynchronously requests for an energy packet, which is either approved or rejected, 
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depending on the analysis of total population. From a case study of 1000 heaters, it was 

concluded that this method can track the reference signal without significantly downgrading 

the quality of service (QoS).  

 

Wang et al., (2018) discussed about the motivation and evolution of smart grid to Energy 

Internet (EI) Figure 3 and introduced the future renewable energy delivery and management 

(FREEDM) system. This work also summarized the necessary conditions and requirements that 

an EI must satisfy. It was said that carbon emissions can be reduce by using EI because it 

enables optimal use of highly scalable and distributed energy resources. By comparing smart 

grids with EI, incredible characteristics of EI and various advantages that EI brings to the 

environment were presented. Regardless of the time and place, EI system is highly reliable and 

secure, enabling safe transfer of energy units to the customers. Analyzing the data of EI 

technology used in communication, electric and the agent control and energy showed that EI 

provides benefits to both users and companies. 

 

 

Figure 3 Model adopted from motivations of EI infrastructure (Wang et al., 2018) 
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For increasing energy demand, power industries are trying to produce excess energy to fulfil 

the demands. Energy demand is not constant, it varies .so there should be a system which can 

coordinate between the generation and demand to reduce issues related to wastage of excess 

energy, excessive energy cost etc. Ma, Zhang and Shen (2018)   investigated the integration of 

distribution grid with local area packetized power networks (LAPPNs) proposed a multi-mode 

energy distribution system, in where there is storing phase during the off-peak hours and 

consumption phase for fulfilling the load fluctuations in real time as shown in Figure 4. In this 

scheme, coordination between ac and dc sector is done, also elasticity of the dc loads is checked 

to reduce the load fluctuations. In this system, strong communication is needed to control and 

monitor all the operations, management and process of energy trading. 

 

 

 
Figure 4 Model adopted from abstraction of a distribution network (Ma, Zhang and Shen, 2018) 
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More recently, Duffaut Espinosa et al. (2018) used packetized energy management (PEM) 

approach to systematically analyses the population of varied distributed energy resources 

(DERs). In this approach, bilinear system modelling is used for aggregation of DERs. The 

number of approved requests is maximized by a simple discrete-time control law, which also 

tracks the regulation signal produced by the regional transmission operator. A quality of 

services (QoS) controller is also provided for PEM. In the end, the bilinear discrete-time model, 

which is the base of PEM system is investigated. In this state, an Extended KALMAR Filter is 

used to check and provide estimation from the different stats of a diverse DER population. 

  

2.3. Electric vehicles 

 

Electric vehicles (EVs) are like normal vehicles but they are powered by an electric motor 

instead of gasoline engine. Electrification of transportation is needed because of the increasing 

oil prices and reduction of GHG emissions (Burke, 2007). The concept of EV is not new, the 

first EV was invented in 1834 (Chan, 2002) and then EV`s were manufactured in different part 

of the world during the end of the 19th century (Kirsch,1997). EV`s failed to make a huge 

impact on the market because they were not able to go on longer distance due to their battery’s 

capacity, also there were more advancement in internal combustion engines vehicles 

 

Electrical system infrastructure is required to fulfill the human daily life demands. In addition 

to normal energy demands, these electrical infrastructures should be used to provide energy to 

various other sector (Putrus et al., 2009), that is why these systems seems to be the best 

alternative for providing energy to convert normal transportation into electrical transportation 

(Blumsack, Samaras and Hines, 2008). EVs have not yet reached a huge popularity same of 

internal combustion (IC) vehicles because EVs have usually less driving range and high fueling 

time. Ahn, Jeong and Kim (2008) showed in their work that EV is not the primary choice vehicle 

for a family, but still there is huge market potential due to multi vehicle households. Currently 

due to climate change, EV`s are under increased attention because they produce less GHGs 

compared to IC-engine vehicles. 
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In recent times, there has been an increasing interest from automobiles industry towards EV´s. 

It is because the battery technologies are improving, oil prices are rising Figure 5 and both 

governments and local authorities are giving incentives. Also, Kurani, Turrentine and Sperling 

(1994,1996) showed that households having the need on multiple vehicles will try to use the 

combination of both type of vehicles in an effective to fulfil their requirements. 

 

 

Figure 5 Oil price evolution (Imf.org, 2018) 

 

There are also legislations related to vehicle manufactures Transport sector plays vital roles in 

the total Greenhouse Gas (GHG) emissions. GHG from vehicles accounts for more than 25% 

of total emission in European Union (EU), in which road transportation holds more than 70% 

of the share (Ec.europa.eu, 2018). Vehicle tail-pipeline emissions restriction are set by the 

European Commission (EC). 

 

2.4. Electric vehicles charging 

 

Due to the environmental concerns, we are moving towards electrification of the vehicles 

because it will help in reduction of carbon emissions (Ieahev.org, 2009).  On the other hand, 

EV will act as an additional load to the current electricity generation system. To tackles these 

kind challenges, we need to move towards smart solutions. Uncontrolled charging of electric 

vehicles can badly affect the grid leading to problems like power losses (Kelly, Rowe and Wild, 

2009), which can be lowered by reducing the peak load by adapting a control electric vehicle 
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charging process (Clement-Nyns, Haesen and Driesen, 2008). Mets et al.( 2010) investigated 

the process of control mechanisms, which can be provided to homes so that it can coordinate 

and optimize energy .They introduced two charging strategies to lower the peak and 

benchmarked them assuming that the charging starts by plugging the vehicle .The first one was 

a local strategy where the information of only home charging  electric vehicles were used, which 

mean that the load is balanced using the data gained from the loads inside the home .The local 

strategy will determine the charging rates and time when the vehicles will be charged. The other 

one was global energy control strategy where the charging of electric vehicles is coordinated 

within a residential area having approximately 100-200 houses. The charging calculations will 

start upon plugging the car but this this the schedules will be decided on global load .With smart 

quadratic programming based charging they showed that for local load the peak can be lowered 

around 26% for 30% of penetration while for global, the exchange of information between the 

home allowed the network to reduce the peak load with an addition 4% ,which shows that’s 

controlled strategies can flatter the load profile over time 

 

Most of the countries are still depended on importing and using of fossil fuel also the 

continuously increasing oil prices have made them think to go for the alternatives. Electric cars 

are getting popularity day by day because the auto companies want to reduce the use of 

petroleum and improving energy efficiency (Burke, 2007). Electric vehicles batteries are 

designed in a way that they can be charged from for a power sources with having suitable rating 

for the car, which can be at home or car park. Charging the electric vehicles consumes a lot of 

energy and can have severe effect of the electrical grid due to the peak load (Blumsack, Samaras 

and Hines, 2008). Normally the problems arise when there is uncoordinated charging because 

too many cars at once will have a bad effect. Therefore Clement, Haesen and Driesen (2009) 

proposed coordinated charging system to reduce the power loses and minimize load on the grid. 

In this process the power losses are minimized by computing optimal charge of the electric 

vehicle. In the optimization process to reduce losses, the car owners will not be in control of 

the charging profile, the only thing they will control will the freedom to indicate the time when 

the batteries should be fully charged. According to the paper, the charging periods are selected 

arbitrarily but it has large penetration level. Historical data is used in first stage of analysis 
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which means complete data of the load profiles are available for every 15 mins of data on a full 

24-hour cycle. Stochastic programming is introduced in the second stage because it is not 

possible to forecast exactly the household loads. 

In normal routine, EVs charge at home or at a special car park outside. Passenger car makes the 

half of the total energy consumed for transportation. The uncoordinated charging of EVs takes 

a lot of energy, which has a huge impact of the grid (Kook and Maitra, 2009). These kinds of 

losses are usually analyzed as voltage deviation and power losses. When the EVs are charged 

instantly after plugged into the charger or after small delay than it called uncoordinated 

charging. Charging without coordination create several grid problems. Clement-Nyns, Haesen 

and Driesen (2010) proposed a coordinate way to charge EVs to reduce the power losses. They 

introduced stochastic programming, and the technologies which were analyzed were dynamic 

and quadratic programming. 1000 samples were taken for the 4kW charger to show the impact 

on the grid by charging. Results of the ratio of power loss for uncoordinated and coordinated 

charging showed that losses are much less when the coordinated approach is used. These results 

were obtained by using quadratic programming, which showed that coordinated charging 

performs better than uncoordinated charging and helps to reduce power losses. 

 

Electric vehicles have low level emissions and high level of efficiency as compared to the 

normal petroleum-based vehicles. Plug in electric vehicles charging at once can cause high 

loads effecting grid performance (Richardson, Flynn and Keane, 2010). Considering the 

problem of grid load, Masoum et al (2011) proposed a smart load management approach for 

PEV charging which is based on the peak demand sharing. This minimizes the power losses 

and improves the voltage profile. Charging scenarios, either it was coordinated or 

uncoordinated were taken under consideration. The MATLAB based algorithm helps in to 

coordinate for the scheduling of the PEV charging while taking under consideration the 

performance of both the distribution and residential grids. For the algorithm three time zones 

(red, 1800–2200 h; blue, 1800–0100 h and green, 1800–0800 h), four penetrations levels 

(12,31,46 and 62%), three PEV owner’s priorities (high, medium and low) and five battery sizes 

were considered. This smart system also considers the existing 24 h load variation cycle while 

factoring the owner preferences from the charging time and. On these calculation outputs is 



24 
 

generated which schedules the charging time for everyone so that the grid is not affected from 

the load. Simulation were done on 120 node distribution system topologies with networks 

having low voltage and compared to demonstrate the benefits and improvements of SLM. 

Integrating EVs into the existing power system will bring some challenges including economic, 

technical and regulatory. Charging electric vehicles can put more load on the grid which can 

affect the performance and stability of the grid (Su and Chow, 2012). Using electric vehicles 

not only have bad impact on the grid but it can also support the grid during peak load because 

these vehicles have the flexibility in their charging and discharging time span, which introduces 

an important concept of “ Vehicle-to-Grid” (V2G) capability (Kempton and Tomić, 2005).V2G  

means that there is an option to supply stored energy from the vehicle to the grid but it will take 

some time to be fully implemented and become a reality. It can also be defined as the EV will 

act as a both controllable load and distributed storage device. When not in use and connected, 

the battery of the EV will provide surplus energy during the peak time and will help to improve 

the efficiency and reliability of the grid (Tomić and Kempton, 2007). Zakariazadeh, Jadid and 

Siano (2014) proposed a multi object scheduling method to charge/discharge electric vehicles. 

The framework was based on augment e-constraint method which aimed to reduce emissions 

and total operations cost. Bender decomposition method was used for solving the problem. This 

rescheduling approach was tested on 33-bus distribution test system over 24 hours and the 

results showed that this method can help in reducing both emission and cost of operations. 

 

Increase in the usage of EVs is very good because it will help us to reduce the harmful emissions 

(Richardson, Flynn and Keane, 2012). With all the good things that will happen with 

electrification of cars, there also come a big problem of grid load due to EV charging (Denholm 

and Short, 2006). Taking this problem under consideration, O'Connell et al. (2011) proposed a 

smart charging algorithm to minimize grid load and lower the cost of charging. This scheme is 

based on the day- ahead dynamic distribution system tariff (DT). Flowchart of the proposed 

step-wise scheme using DTs for elevation of EV congestion. It will be used to plan a day ahead 

to avoid the local grid congestion. Tariff is based on the on the day ahead prices and the EVs 

charging behavior. Also, for this purpose, locational marginal pricing scheme is used. Various 

case studies were done to show the efficiency of this concept. 
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3. Methodology 

 

In this research, a comprehensive literature review was conducted to develop a meaningful 

theoretical base for the research study and to create a building block for the highlighted research 

objectives and problems related to it. This thesis focuses to cover both the old and current work 

done by the other researchers in the field of packetized energy and electric vehicle charging to 

provide solutions based on it. Important information was gathered during the literature review 

using several sources including scientific articles, industrial publications, university and library 

databases. Using online databases and platform such as Google scholar, Springer, Scopus and 

Web of science, scientific literature was searched using the combinations of keywords which 

are within the scope of this work. 

 

Quantitative data was gathered using a questionnaire where the respondents were first briefed 

about the background and purpose of this research questionnaire. For the questionnaire, only 

academic experts were contacted for their opinion. Data was obtained from 11 academic experts 

using a pairwise comparison questionnaire where the criteria and alternatives were grouped in 

a hierarchical structure. Purpose of this questionnaire was to achieve a relative importance of 

these criteria and alternatives. 

 

In the empirical research, data gathered from the questionnaire was analyzed using 

SuperDecisions software, which is used for advance decision making. Based on the expert’s 

opinion, Analytic hierarchy process (AHP) was used to rank 3 different charging methods, both 

previously available and the newly suggested in this thesis for electric vehicles charging. 

 

In the last part of the research, two solutions have been proposed for electric vehicle charging. 

Proposed solutions are based on the information gained from the literature review, results of 

AHP and the problem-solving tool known as Duncker diagram. Considering all the important 

criteria, solutions have been designed to fulfill the energy demand with reduced grid congestion. 
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3.1. Analytical Hierarchy Process (AHP)  

 

Analytical hierarchy process (AHP) is a powerful method used for multi-criteria and complex 

decision making. This process allows evaluation of both qualitative and quantitative criteria. It 

helps to minimize complex decisions by converting into simple comparison and ranking, which 

leads to a rationale for decision making (Braglia, Grassi and Montanari, 2004). According to 

Saaty and Vargas (2012), “Analytical Hierarchy Process (AHP) provides the objective 

mathematics to process the inescapably subjective and personal preferences of an individual or 

a group in making a decision.” 

 

Complexity of the AHP model is built on the idea that complex and difficult problems should 

be presented to people in a way that they can understand without having a formal training. The 

concept of simple understand has come from “Hierarchical structuring of complexity into 

homogeneous clusters of factors”. This hierarchical technique can be seen as human friendly 

because it makes it easy for the human mind to understand complex problems (Forman and 

Gass, 2001). 

 

In 1980, the process of AHP was developed by T.L Saaty in order to make the complex 

problems easy to understand by breaking it into several hierarchal segments. The AHP model 

is made up of three different layers as shown in Figure 6. The first part of the hierarchy is the 

goal, which is followed by the different criteria, sub-criteria and then the last part has different 

options or alternative, which are considered by the decision makers after ranking (Saaty, 2008). 
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Figure 6 Three layered AHP model (Saaty and Vargas, 2012) 

 

According to Saaty, the following steps are to be considered for generating the priorities in an 

organized way. 

 

● “Define the problem and determine the kind of knowledge sought.” 

● “Structure the decision hierarchy from the top with the goal of the decision, then the 

objectives from a broad perspective, through the intermediate levels (criteria on which 

subsequent elements depend) to the lowest level (which usually is a set of the 

alternatives).” 

● “Construct a set of pairwise comparison matrices. Each element in an upper level is used 

to compare the elements in the level immediately below with respect to it.” 

● “Use the priorities obtained from the comparisons to weigh the priorities in the 

level immediately below. Do this for every element. Then for each element in 

the level below adds its weighed values and obtain its overall or global priority. 

Continue this process of weighing and adding until the final priorities of the 

alternatives in the bottom most levels are obtained.” (Saaty, 2008) 
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3.2. Duncker diagram 

 

Duncker diagram is a tool used to generate solution for a problem by creating possible pathways 

from the present to the desired state. This tool makes easy for humans to refine a problem and 

also helps in generating new idea. Duncker diagram starts with a general solution, after which 

it gives the functional solution and finally more details are shown about what to do in the 

specific solution part. Figure 7 shows different levels of the Duncker diagram 

 

 

Figure 7 Duncker diagram (Fogler and LeBlanc, 2013) 

 

In Duncker diagram, there are two different types of general solutions. 

● Solution on the left shows that move from present state to the desired state  

● Solution on the right side shows that how can we adjust the desired state until it 

harmonizes with the present state. 
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4. Calculation Model and Analysis 

 

 

For empirical part of the research, AHP model has been created to rank different charging 

methods available. Experts opinion have been obtained by using pairwise comparison 

questionnaire, which was sent to 11 academic professionals of Lappeenranta University of 

Technology (LUT) and Aalto University. Data have been analyzed using SuperDecisions 

software to rank the alternatives and find the most weighted criteria. 

 

4.1. Model development 

 

First step of this process was to build a hierarchy for ranking and decision making. In the 

hierarchical model, three levels have been created for goal, criteria and alternatives. As shown 

in Figure 8, model has been created in SuperDecisions. Detail of all the levels are as follow: 

 

Goal: The main objective of this ranking model is to compare between all the available 

charging methods and select the best, based on the expert opinion. 

 

Criteria: These are the important factors by which the user decides which type of 

solution will be better for them.  Below mentioned factors are considered for the selection after 

discussion with the several academic experts. Also, they are related to natural human instinct.  

● Accessibility/ Ease of use: A preference for complete freedom to charge one’s vehicle 

without any restriction 

● Positive Environmental Impact: A preference for Increased environmental 

sustainability 

● Less Waiting Time: A preference for the lowest overall charging time (waiting + 

completion) 

● Less Cost: A preference for paying less while charging one’s vehicle 
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Alternatives for charging: Alternatives are the possible solutions available, from 

which the user can choose accordingly. For EV charging, the following alternatives have been 

selected. 

● Self-Controlled: System algorithms suggests/shows optimal charging time, but user 

has full control on when to charge. 

● System controlled: System decides the charging time and duration, user doesn’t have 

full control 

● Uncontrolled: There is no special system, User can charge anytime without any 

limitations (Normal charging) 

 

 

 

Figure 8 AHP model from SuperDecisions 
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4.2. Data collection and analysis 

 

After organizing different elements in hierarchical form, the second step was to create a 

pairwise comparison, which was used to find relative importance of the mentioned criteria by 

conducting survey from the academic experts. In total, 11 academic experts were contacted for 

the AHP questionnaire. All the experts were first briefed about the research background and 

then about the use of the data. 

 

The questionnaire contained 8 questions in total, in which all the criteria were compared to each 

other. To acquire the relative importance, a numbering scale as shown in Table 1 was selected 

for the questionnaire. The table should be in a way that it shows slight differences between the 

two objects (Saaty and Vargas, 2000). 

 

 

Table 1 The fundamental scale. Saaty (2000), (2008) 

Numeric 

Value 

Verbal 

Judgement 

Explanation 

1 Equal  Both activities have the same importance and equally contribute to the 

objective 

3 Moderate strong Experience and judgement slightly favor one over another 

5 Strong Experience and judgement strongly favor one over another 

7 Very strong An activity is favored very strongly over another 

9 Extreme strong The evidence favoring one activity over another is of the highest possible 

order of affirmation 

 

 

The first step for analyzing the acquired data was to take a mean of the values and selecting the 

floor and ceiling values by rounding off. Cell in the matrices have numeric value as shown in 

Table 1 to reflect intensity judgement. From Table 2 below, we can take the example of cost and 

accessibility/ease of use Mathematically, it means the ratio of the both factors e.g. 

(accessibility/ease of use)/(Cost)= 4 and its reciprocal will be (Cost)/(accessibility/ease of use)= 

¼, showing that (accessibility/ease of use) is 4 times more important than cost in a self-
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controlled system. Following 9 tables show mean of the values of the acquired data.  

 

• Table 2 User perspective while considering “Self-controlled” charging 

• Table 3 User perspective while considering “System Uncontrolled” charging 

• Table 4 User perspective while considering “Uncontrolled” charging 

• Table 5 Preferable system to the user while exclusively considering "Accessibility/ 

ease of use" 

• Table 6 Preferable system to the user while exclusively considering "Less cost" 

• Table 7 Preferable system to the user while exclusively considering "Positive 

environmental impact" 

• Table 8 Preferable system to the user while exclusively considering "Less waiting 

time" 

• Table 9 Relative importance of criteria while considering “Best EV charge 

management system” 

 

 

Table 2 User perspective while considering “Self-controlled” charging 

 Accessibility/ease of 

use 

Less 

cost 

Positive environmental 

Impact 

Less waiting 

Time 

Accessibility/ease of use 1 4 2 1 

Less cost 0.3 1 1 0.5 

Positive environmental 

Impact 

0.5 1 1 1 

Less waiting Time 1 2 1 1 
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Table 3 User perspective while considering “System controlled” charging 

 Accessibility/ease of 

use 

Less 

cost 

Positive environmental 

Impact 

Less waiting 

Time 

Accessibility/ease of use 1 1 1 1 

Cost 1 1 1 1 

Positive environmental 

Impact 

1 1 1 1 

Less waiting Time 1 1 1 1 

 

 

Table 4 User perspective while considering “Uncontrolled” charging 

  Accessibility/ease of 

use 

Less 

cost 

Positive environmental 

Impact 

Less waiting 

Time 

Accessibility/ease of use 1 3 3 1 

Less cost 0.3 1 3 1 

Positive environmental 

Impact 

0.3 0.3 1 0.3 

Less waiting Time 1 1 3 1 

 

 

 

Table 5 Preferable system to the user while exclusively considering "Accessibility/ ease of use" 

 Self-controlled System controlled Uncontrolled 

Self-controlled 1 1 2 

System controlled 1 1 3 

Uncontrolled 0.5 0.3 1 
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Table 6 Preferable system to the user while exclusively considering "Less cost" 

 Self-controlled System controlled Uncontrolled 

Self-controlled 1 1 2 

System controlled 1 1 3 

Uncontrolled 0.5 0.3 1 

 

 
 

Table 7 Preferable system to the user while exclusively considering "Positive environmental impact" 

 Self-controlled System controlled Uncontrolled 

Self-controlled 1 0.5 5 

System controlled 2 1 5 

Uncontrolled 0.2 0.2 1 

 

 

 

Table 8 Preferable system to the user while exclusively considering "Less waiting time" 

 Self-controlled System controlled Uncontrolled 

Self-controlled 1 3 1 

System controlled 0.3 1 1 

Uncontrolled 1 1 1 
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Table 9 Relative importance of criteria while considering “Best EV charge management system” 

  Accessibility/ease of 

use 

Less 

cost 

Positive environmental 

Impact 

Less waiting 

Time 

Accessibility/ease of use 1 2 1 1 

Less cost 0.5 1 1 1 

Positive environmental 

Impact 

1 1 1 1 

Less waiting Time 1 1 1 1 
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5. Results 

 

In this section, results of the AHP have been explained in the sequence of local priority, overall 

priority and sensitivity analysis. 

 

5.1. Local alternative priorities 

 

An important part of the AHP is to show priority of alternatives with respect to each of the 

criteria. This type is priority is known as local alternative priority. There are four criteria in the 

model as shown in Figure 8 above, priority with respect to each criterion is as follow. 

 

5.1.1. Priority with respect to less cost 

 

As shown in Table 10, system-controlled charging has the highest priority for less cost with 

44%, while self-controlled and uncontrolled charging are second and third respectively. 

 

 
Table 10 Priority with respect to less cost 

Name Normalized Idealized 

Self-controlled 0.387371 0.87358 

System controlled 0.443429 1 

Uncontrolled 0.1692 0.381571 
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5.1.2. Priority with respect to positive environmental impact 

 

From Table 11, it can be seen that system-controlled charging has the highest priority by taking 

approximate 56%, while self-controlled and uncontrolled have 35% and 9% respectively. 

 

Table 11 Priority with respect to positive environmental impact 

Name Normalized Idealized 

Self-controlled 0.352189 0.629961 

System controlled 0.559065 1 

Uncontrolled 0.088746 0.15874 

 

 

5.1.3. Priority with respect to less waiting time 

 

Comparing the three-alternative w.r.t less waiting time, Table 12 shows that self-controlled 

charging is with the highest priority having 46% while system-controlled charging has the least 

priority with only 22%. 

 

 

Table 12 Priority with respect to less waiting time 

Name Normalized Idealized 

Self-controlled 0.459958 1 

System controlled 0.221125 0.48075 

Uncontrolled 0.318917 0.693361 

 

 

 

 



38 
 

5.1.4. Priority with respect to accessibility/ ease of use 

 

For accessibility/ease of use, Table 13 shows that system controlled has the highest priority with 

44%, while self-controlled is in second position by having 39%. According to the data, 

uncontrolled charging is the last with importance of 17%. 

 

Table 13 Priority with respect to accessibility/ ease of use 

Name Normalized Idealized 

Self-controlled 0.387371 0.87358 

System controlled 0.443429 1 

Uncontrolled 0.1692 0.381571 

 

 

5.2. Overall alternative priorities 

 

From the analysis of the data using the SuperDecisions software, ranking of the alternatives 

have been achieved as shown in Table 14. According to the expert’s opinion, considering all the 

criteria, System controlled charging was ranked 1st, while Self-controlled and Uncontrolled 

charging were 2nd and 3rd respectively. 

 

 

Table 14 Overall ranking 

Alternatives Total Normal Ideal Ranking 

Self-controlled 0.1593 0.3982 0.9663 2 

System controlled 0.1648 0.4121 1.0000 1 

Uncontrolled 0.0759 0.1897 0.4605 3 
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5.3. Sensitivity Analysis  

 

The final priority of the alternatives is highly dependent of the weights of the main criteria. 

Major changes can take place in the ranking of alternative by making a small change in the 

weights of the criteria (Chang et al., 2007). The stability of the ranking should be tested by 

varying the weights because they are based on subjective judgement. A “what-if” analysis needs 

to be done to see how the final results would look by changing the weights of the criteria. This 

process is called sensitivity analysis, which helps to check the robustness of the system. 

 

Variations in the weights of the selected subjective factors are varied by using the 

SuperDecisions software. There are 4 criteria in this model, so each of them is checked 

separately to see their impact on the alternative ranking. For this purpose, weights of the criteria 

are altered between 0% and 100%. Performance graphs for each criterion will show the baseline 

and the values for the ideal system. 

 

5.3.1. Node sensitive for Accessibility/ease of use 

 

● Weight at 0%  

 

From Figure 9, with the baseline values, self-controlled system, system controlled and 

uncontrolled systems are at approximate 40%, 40% and 20% respectively. It shows that the 

self-controlled charging has nearly same value with the system controlled, while uncontrolled 

is lagging way behind the two. 
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Figure 9 Node sensitive for Accessibility/ease of use at 0% weight 

 

● Weight at 100% 

 

In Figure 10, it is shown that increasing the weight of criteria from 0% to 100% changes the 

rank of the alternatives. With changing the weights of the criteria, the priority of the self-

controlled, system controlled and uncontrolled changes to approximate 39%,44% and 17% 

respectively. This change makes system controlled charging slightly better than the self-

controlled charging. 
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Figure 10  Node sensitive for Accessibility/ease of use at 100% weight 

 

5.3.2. Node sensitivity for less cost 

 

● Weight at 0% 

 

With the weight of less cost at 0%, Figure 11 shows that both system and self-controlled 

charging have 40% importance while uncontrolled have 20%.  
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Figure 11 Node sensitivity for less cost at 0% weight 

 

● Weight at 100% 

 

Figure 12 shows that the priority of the alternative changes with changing the weight of the less 

cost from 0% to 100%. It shows that system controlled have the highest priority having 44%, 

while self-controlled and uncontrolled have 38% and 17% importance respectively. 

 

 

Figure 12  Node sensitivity for less cost at 100% weight 
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5.3.3. Node sensitivity for positive environmental impact 

 

● Weight at 0% 

 

Figure 13 shows that according to the baseline values, for positive environmental impact, self-

controlled have slightly higher importance 41% than system controlled 37%. Uncontrolled 

charging is the worse with a value of 22%.  

 

 

 

Figure 13 Node sensitivity for positive environmental impact at 0% weight 

 

 

● Weight at 100% 

 

Changing the weight from 0% to 100% makes a huge different in this part. Figure 14 shows that 

the ranks of the alternatives have changed, making system controlled with highest priority 

having 55%, while self-controlled and uncontrolled are with 35% and 10% importance 

respectively. 
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Figure 14  Node sensitivity for positive environmental impact at 100% weight 

 

5.3.4. Node sensitivity for less waiting time 

 

● Weight at 0% 

 

With 0% weight of the waiting time, Figure 15 shows that the system-controlled charging has 

high priority with 48%, while self-controlled and uncontrolled have 38% and 14% importance 

respectively. 
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Figure 15 Node sensitivity for less waiting time at 0% weight 

 

● Weight at 100% 

 

By increasing the weight to 100%, ranking of the alternative’s changes dramatically. Figure 16 

shows that self-controlled charging has the highest priority with 45%, while uncontrolled and 

system- controlled are second and third respectively. 

 

 

Figure 16  Node sensitivity for less waiting time at 100% weight 
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5.4. Summary of AHP 

 

To summarize the whole AHP analysis of the best EV charge management system, it can be 

concluded that best charging system can vary with user’s preference of the criteria. Charging 

alternatives can be ranked with respect to each criterion or in combination of all. Main points 

of the analysis are as follow. 

● System controlled charging is better with respect to less cost, positive environmental 

impact and accessibility/ease of use. 

● Self-controlled charging is better for less waiting time, second best to system controlled 

in accessibility/ease of use and nearly the same in less cost with system-controlled 

charging. 

● Uncontrolled charging has nearly the same importance to self-controlled charging with 

respect to less waiting time. For less cost, positive environmental impact and 

accessibility/ease of use, it lags both the system controlled and self-controlled charging. 

 

As for the overall alternative’s importance, system-controlled charging has been ranked best 

according to the expert’s feedback while self-controlled and uncontrolled are second and third 

respectively. 
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6. Proposed solutions for managing EV charging 

 

An important part of this research work was to propose an electric vehicle charging 

management system which can enable EV owners to charge their vehicle without putting too 

much load on the grid. Based on the information gained from the lecture review, expert opinions 

from the questionnaire using pairwise comparison and Duncker problem solving tool, a 

systematic approach has been followed to propose two solutions. All the important factors and 

criteria have been taken under consideration for both solutions. 

6.1. Duncker diagram for EV charging 

 

Electric vehicles are increasing with time due to high concern of the climate change. This 

increased penetration of EV charging will have severe impact on the grid, which might lead 

unstable power generation and losses. Ducker diagram has been used to generate possible paths 

to find solution for the problem as shown in Figure 17. For our problem, the current and desired 

states are as follow: 

 

● Present State: Increased EVs charging will lead to grid congestion and losses  

● Desired State: Find innovative solutions which can help electric vehicle users to charge 

their cars easily and with considerably less impact on the grid in comparison to 

uncontrolled charging. 
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Figure 17 Duncker diagram for reduction of grid congestion 

 

Figure 17 shows that the problem has been written on the top, followed by two different paths. 

The left side shows that the grid congestion can be avoided by stopping people from charging 

at the same time while the right side follow a different path by suggesting that the users 

should continue charging. These two sides follow different paths, left side wants to achieve 

the desired state while the right side is ok for not achieving the desired state.  

 

Based on the literature review and using ducker diagram, two interesting solutions have been 

proposed for electric vehicles charging. The main objective of the proposed solutions is to help 

users charge their EVs easily by having less impact of the grid.  

 

 

Charge EVs without 
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Mobile application 
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Totally cut off the powerTotally cut off the power
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same time
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same time
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that will provide energy 
for charging EV during 

peak hours
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that will provide energy 
for charging EV during 

peak hours

Increase  energy unit 
price 

Increase  energy unit 
price 
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• Solution 1: A Battery Backup System (BBS) to store energy during off-peak and help 

charge car during the peak load time 

 

• Solution 2:  Mobile application controlled smart charging management platform where 

users can check all details (i-e time, price, grid load, environment impact) and reserve 

their slot (time) for charging. 

 

6.1.1. Battery backup system   

 

In our daily routine, residential places get electricity from the grid. With increased production 

of energy to fulfil human demand led to increased GHGs emission and depletion of fossil fuels. 

Due to this issue, there has been a great focus on the use of renewable energy resources for 

energy production. New innovative solutions are introduced to produce and manage energy to 

reduce the greenhouse gases emissions and grid congestion.  

 

In this first solution, which is based on the concept of system-controlled switching, means that 

the system will choose the energy source by itself. A battery backup system is introduced. The 

system will help in sharing load with the grid by providing power to the electric vehicles for 

charging during peak hours. This system works on the simple rule of charging itself from the 

grid power during off peak and discharging during the load time. In some scenarios, we also 

might have renewable energy resources, which can also be used for charging the batteries. 

 

This proposed battery backup system will integrate into the already available power system. 

Two scenarios, Figure 18 and Figure 19 shows the battery system integrated with the meter power 

system to share load when required. 
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Figure 18 Charging batteries from meter power   

    

 

 

Figure 19 charging batteries from both meter power and renewables  
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For this proposed solution, all of the devices are considered to be connected to each other and 

uninterrupted data communication is taking place. In this process, both the power sources; BBS 

and the meter power are connected to a switching system as shown in Figure 20. When a car is 

plugged into charging dock, a requesting signal will be sent to the grid through wireless routers 

to check for the load on the grid. Depending on the grid condition, a signal will be returned 

showing the current status of the load. The switching system will take the signal as an input and 

decide, whether the car should be charged from the meter power directly or the power should 

be supplied from the BBS to prevent grid congestion. 

 

For charging the batteries, a similar process is followed by the BBS. A requesting message will 

be sent to the grid from the BBS via wireless router to check the load status. Depending on the 

load, grid will be able to reply in two possible ways, either by approving the request or rejecting 

it. If the request is approved then the batteries start charging, which can later be used for EV 

charging, if not then the BBS will send requests till the grid allows charging.  

 

By using this system, users will be able to charge their EVs without any interruption and delay 

because the system is doing all the calculations and switching for them. It will be a simple 

charging process for users, but they will have to install the BBS system once. This BBS can be 

made compulsory for people buying EVs and can be sold as all in one bundle. Using this system 

might add some additional cost but it will help to reduce load on the grid. Also, it will help to 

reduce cost of the energy and need of backup power generation grids.  
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Figure 20 Workflow of battery backup system 

 

6.1.2.  Mobile application-controlled reservation system 

 

The second proposed solution is based on the idea of self-controlled system, it means that the 

system will provide optimal charging details depending on the grid condition. In this process, 

the smart system will calculate automatically from the data available on the cloud and suggest 

to user the best charging options.  Data from the power grids are continuously uploaded to the 

cloud as shown in Figure 21, making it possible to access from anywhere. 
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In this solution, a mobile application interface is proposed so that the users can easily look for 

all the details and select their charging slots. User will open the application using smartphone 

to check for the best possible time. Charging slots will be based on important factors; time, 

price, environmental impact and load on the grid. The requesting packets will be sent to the 

cloud to check the best possible charging options. System suggestions will focus on providing 

users with low cost charging units while taking care of the environmental impact, making it 

cost effective and green charging. The returning packet will enable the mobile applications to 

show all the available charging slots. 

 

 In the application, users will see different options for charging their EVs. System will do all 

the calculations for best possible charging time to prevent grid congestion. In this system, 

mobile application will show various options, but users will still have the full authority to 

bypass the system suggestions and perform charging with their own will. Charging on different 

times will have different impact, depending on the peak load hours. If the owner is bypassing 

the system suggested time and charging during peak load, then energy unit price will be high 

and will have bad impact on the environment.  

 

The main purpose of this solution is to make owners not charge their EVs on the same time to 

control excess load on the grid. By using this concept of reservation before use, makes the EV 

owners aware and responsible for their actions. This mobile application will enable the owners 

to check all the details of their charging, making them more aware about their impact on the 

environment. Also, by this self-controlled method, the cost of charging will also reduce and 

befitting both the energy providers and consumers. 
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Figure 21 Workflow of mobile application-controlled reservation system 

 

6.2. Mobile Application 

 

In the modern age of information and technology, mobile application usage and development 

is going at a very high speed. It gives ease to the customers to simply open the application on 

their phone to check emails, connect with friends, play games, watch videos, buy tickets etc. 

Beside personal activities, applications are used by the companies for business and consumer 

engagement, also it has a great impact on the society. It provides an easy way to interact with 

consumers and educate them about different products and services if needed. 
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6.2.1. Application Concept 

 

For EVs charging, mobile application is considered because it makes easy for the consumers to 

participate without being in the hassle to open their computers or go to some specific place. 

Normally people do like to participate in activities which has some good impact on the 

environment, but they also want the process to be easy, and that is where mobile application 

comes handy. Below is the general concept of how the application should look like and how 

can it be made more customer interactive so that they can use it more frequency to EVs 

charging. 

 

All the EVs owners will have an account so that all the data of charging can be saved with their 

consent. The main screen of the application would show simple options where the person wants 

to charge their EVs. Application will provide recommendation depending on the grid condition. 

The user will see available options for reserving time for the EV charging. User will also have 

to option to select the charging time and place by itself if needed in emergency, but it will not 

have a good impact to the grid, which leads to environmental problems as shown in Figure 22. 
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Figure 22 Charging selection screen 

 

 

6.2.2. Gamification for user engagement 

 

The concept of gamification is introduced because it helps to keep user engaged in interactive 

programs. Gamification has been a hot and trending topic in previous years (Deterding et al., 

2011) (Huotari and Hamari, 2012). Different kind of badges and stickers will be provided to 

show the active level of participation from an individual as shown in Figure 23. Gamification 

helps in social interaction, increased user activity and making actions more productive (Hamari, 

2013). There are different systems for gamification but the one which will be used in this 

application will be the Points, Badges and Leaderboards. It is an innovative way to keep the 

users engaged because everyone wants to earn new badges and improve their ranks. In this case, 

users will get points depending on the time of charging, during peak or off -peak. Points will 

be awards for all kind of activities, which will be compared with the rest of  
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community to show individual impact on the environment. Depending on the charging 

schedules, points will be awarded, which will unlock new achievements 

 

 

 

Figure 23 Gamification for user engagement 

 

6.2.3. Application history for user assistance 

 

Charging data information for each user will be saved in their profile. Figure 24 below shows 

the user view of the charging. A simple graph will provide information about the time and the 

impact of the charging. Peak time will show red points, meaning that the unit price of the 

charging unit was high and it had bad impact on the environment. There will be an option to 

compare your own charging with other participant, so that it will help in improving own usage. 
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Also, to improve charging quality and have positive impact on the environment, system will 

provide suggestions with simple steps, which users will be able to follow easily. 

 

 

 

Figure 24 Charging history for improvement 
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7. Discussion  

 

Due to increased concern about the environment and reduction of GHGs, demand for EV has 

increased over time. With current electricity infrastructure and charging methods, this high 

penetration of EV charging will have severe effect on the grid, leading to both technical and 

economic problems.  This thesis follows a systemic approach to find ways of solving the 

problem related to grid congestion. For this purpose, the concept on packetized energy has been 

focused. Also, the currently present charging methods are evaluated to find the best among 

them. This research is aimed to find new ways for managing EV charging so that it can help to 

reduce of grid congestion and fulfil energy demands of consumers. The detailed literature in 

this research has provided valuable data related to packetized energy, which shows that this 

concept of energy packets has the capability of providing fair and cost-effective solution for 

managing electric networks. It also helps in efficient use of resources, which gives this concept 

an edge over the old technologies. This concept has been tested upon various thermostatic 

devices and for EV charging. In addition, a packetized-power network has also been proposed 

in which consumers requests for energy packets and they are served depending on the condition 

of the system. Considering results of the previous work and current study shows that packetized 

energy system is more efficient over traditional model which makes this packetized approach 

as the future of managing energy networks.    

 

In second part of this research, EV charging systems were evaluated. Three EV charging 

methods; system controlled, self-controlled and uncontrolled have been discussed in this 

research to check their overall ranking and find the best for the environment. For data collection, 

11 academic experts were first briefed about the topic and then their opinions were collected 

using a pairwise comparison questionnaire. Results from the AHP analysis shows that the 

system-controlled charging is the best charging method having the most positive impact on the 

environment while uncontrolled charging is the worst. Ranking on the basis of AHP shows the 

importance of coordinated charging, which supports the previous research claiming that 

coordinated charging is the best method for charging EVs. 
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From the sensitivity analysis, interesting results are gathered. Changing the weights of single 

criterion at a time changed the rank on the system except for the criterion of “less cost”, where 

the system rank stayed the same. This means that if the system is ranked with respect to one 

criterion then the system might have different ranking from the overall priority. Choice of the 

users plays an important role in selection of charging method, caring about the environment 

will lead to coordinated charging, which reduces extra load on the grid, leading to positive 

impact on the environment. 

 

The last part of the research is focused on finding new solutions for EV charging. Creative 

problem-solving tools were investigated from which Duncker diagram was selected to find 

possible solutions. Two innovative charging management solutions proposed in this research 

will help in reduction of grid congestion and usage of extra resources which is the main aim 

this work. The first solution of Battery backup system will help in storing energy during off 

peak time and supply energy during peak hours to fulfill energy demands without putting load 

on the grid. For this solution, additional infrastructure is needed but still it is better than using 

excess resources every time. In the second solution, mobile application is used to request for a 

charging packet by reserving the charging time. An important part of this solutions are users 

itself. Encouraging users to charge their vehicles during off peak time will have good impact of 

the environment, also, it will save cost of the energy units. For both proposed solutions, 

additional infrastructure and development is required but investing in the present and using this 

approach of controlled charging will reduce future grid complications. 

 

Limitations 

 

This research work has limitations related to both data gathered and analysis. Data limitations 

are related to the lack of literature available for packetized energy due to novelty of the concept. 

Secondly, for this research, the aim of the proposed solutions for managing EV charging is 

limited to idea generation phase with possible workflow. Simulations for testing the ideas and 

specifications of the devices used are not in the scope of this research. 
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For the AHP analysis, the criteria selected for best EV charge management are based on 

consultation with the supervisor and academic experts. Brainstorming process was carried to 

reduce the repetitive and redundant criterion to four most important criteria. These criteria can 

vary, depending on the approach, which might lead to different outcome. Similarly, the third 

alternative selected in the model of “self-controlled” charging is totally based on the specific 

model proposed by the author and can be changed for other models accordingly. 

 

However, it should be clearly noted that these limitations do not reduce the significance of the 

research. 
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8. Conclusion 

 

The first objective of the study is to explore the novel concept of packetized energy and check 

the feasibility of packetized energy networks. Secondly, this research is aimed to analyses 

different EV charging methods and find the best according to positive environmental impact. 

The last objective is to propose a new innovative solution for EV charging based on the result 

from the first two objectives. 

 

Data gathered from the available literature related to “packetized energy” shows that the 

concept is feasible and has the potential to provide an effective way of managing electric 

network. This concept is relatively new but still it has been successfully tested on various 

controlled devices such as electric kettles, air conditioners as well as for EV charging. 

Packetized energy network has helped in improving efficiency of the resources and reduction 

of cost. Also, it enables to introduce a fair energy distribution system which is possible to scale 

up. 

 

AHP analysis were carried out to find the impact of different charging methods on the 

environment, also, the analysis shows that EV charging system considering the overall criterion. 

The AHP model in this research consists of four criteria; less waiting time, accessibility/ ease 

of use, less cost and less waiting time and three alternatives; uncontrolled, system controlled 

and self-controlled. Results from the analysis shows that the system-controlled charging is the 

most effective in positive environmental impact while the uncontrolled charging is the least. 

Also, considering the overall criteria, system-controlled charging is considered the best while 

self-controlled and uncontrolled are second and third respectively. 

 

An important part of the study was to propose new solutions for charging management. Based 

on the results of first two objectives and using the problem-solving tool called Duncker 

diagram, two innovative charging methods are proposed; battery backup system and mobile-

application controlled reservation system. Proposed solutions will benefit both energy 

producers and consumers. Energy produced will not have to use excess amount on resources to 
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fulfil energy demand and consumer will have the option to not charge their vehicles during peak 

time, leading to cost reduction for both parties. Proposed solutions are designed to reduce the 

grid congestion, either by providing extra energy from the backup battery system or enabling 

users to reserve a charging time by using mobile application. 

 

In summary, this work suggests that to overcome the problem of grid congestion and reduce 

GHG emissions, the focus should be on efficient use of resources than excess amount of 

resources. This research helps in explaining the concept of packetized energy and its role in 

shaping the energy networks. The method of controlled charging should be adopted by the EV 

owner because it helps in reduction of GHG emission and it enables the efficient use of 

resources. Furthermore, proposed solutions will reduce excess load on the grid by helping users 

to choose optimal time for charging or supporting the grid to fulfil the extra demand, leading to 

environment friendly and green EV charging. 

 

Future research 

 

In this research, three different type of EV charging methods are ranked based on the academic 

expert’s opinion. It would be interesting to take opinions of EV owners and compare it with the 

results on this research to check how the ranking changes. Also, the proposed solutions in this 

thesis are specifically for the management of EV charging. Further research can be done to 

enhance the proposed models to manage charging of various other energy powered devices in 

addition to the EVs. 
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Appendices 

Appendix 1    AHP questionnaire 

 

When/if the number of electric vehicles (EVs) increases as a mean of transportation, their 

charging is expected to have a strong impact in the electricity power grid. In this sense, a 

charging system that coordinates the charging among different EVs and the grid state to 

avoid undesirable peaks and distribution lines working close to their capacity is a desirable 

solution. This master thesis research studies different ways that this coordination may take 

place using wireless communication technology. 

 

This Analytic Hierarchy Process (AHP) questionnaire is to assess the importance level of 

various factor from few different experts, who provide a comparison between different 

aspects to be considered when designing an electric vehicle charging system. 

 

Alternatives for charging system 

 

• Self-Controlled: System algorithms suggests/shows optimal charging time, but user has full 

control on when to charge. 

• System controlled: System decides the charging time and duration, user doesn’t have full 

control 

• Uncontrolled: There is no system, User can charge anytime without any limitations (Normal 

charging) 

 

Criteria for charging system 

• Accessibility/ Ease of use - A preference for complete freedom to charge one’s vehicle 

without any restriction 

• Positive Environmental Impact - A preference for Increased environmental sustainability  

• Less Waiting Time - A preference for the lowest overall charging time (waiting + completion) 

• Less Cost - A preference for paying less while charging one’s vehicle  
 

 

Please read the following questions and answer them accordingly: 

 

*Note that some of the questions might seem redundant but it is important for checking the consistency 

of the comparisons as well as the congruency of the model.  
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Below, you can find the comparisons as well as the scales to be considered. 
    

1 3 5 7 9 

Equal  Moderate strong Strong Very strong Extreme strong 
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