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Abstract 

This thesis analyzes the economic potential of increased charging control of Plug-in Electric vehicles 
(PEVs) and resulting potential for evening peak shaving and load shifting. The analysis in this body 
of work considered a building in Hammarby Sjöstad with four Plug-in hybrid electric vehicles 
(PHEVs). A model was developed in Matlab which, with the help of linear programming tools, 
calculated the lowest possible charging cost for three different charging modes with added charging 
control for both a single night, and throughout a whole year. The “Reference mode” considers no 
charging control, the “Smart Charging mode” considers day-ahead electricity prices to calculate the 
least expensive charging profile, and the “vehicle-to-grid (V2G) mode”, which facilitates the selling of 
excess energy to the grid.   

The conclusions of this study are twofold. As presently constituted, the smart charging mode is the 
least expensive charging mode available, because it decreases overall charging costs without incurring 
an increase in battery degradation. Nevertheless, V2G is promising, because with the constant 
improvements in battery development, larger batteries will allow for a larger amount of energy to be 
sold to the grid at a profit, without a steep increase in battery degradation costs.   
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Sammanfattning 

Denna master uppsats analyserar ekonomisk potential hos ökad laddningskontroll av Plug-in Electric 
Vehicles (PEVs) och resulterande potential av kvälls topprakning och belastnings förflyttning. Objektet 
som studerats i denna uppsats är en byggnad i Hammarby Sjöstad som tillhandahåller fyra olika Plug-
in hybrid electric vehicles (PHEVs). En modell har utvecklats i Matlab som med hjälp av en linjär 
programmerings teknik har räknat ut den lägsta möjliga laddnings kostnaden för tre olika 
laddningslägen, med ökad laddningskontroll för både en natt och över ett år.  Reference 
mode utesluter laddningskontroll, Smart Charging mode tar i beaktande day-ahead elpriser för att beräkna 
den billigaste laddningsprofilen, och vehicle-to-grid mode (V2G), som liknar Smart charging mode med en 
extra möjlighet att sälja eventuell överlopps energi till elnätet.  

Slutsatsen i denna studie är tudelad. Smart charging mode utgör för närvarande den billigaste 
tillgängliga laddningsmöjligheten där laddningskostnaderna minskade totalt sett utan att medföra en 
ökad förslitning av batterierna. Likväl, V2G visar också potential, på grund av den konstanta 
utvecklingen inom batteriindustrin där större batterier kommer tillåta vinstförsäljning av större mängd 
energi till elnätet, utan en brant ökning i batteriförslitningskostnader.  
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Glossary 

AC – Alternative Current 

BEV – Battery Electric Vehicles 

CBA – Cost Benefit Analysis 

CO2 – Carbon Dioxide 

DC – Direct Current 

DNO – Distribution Network Operator 

DSM – Demand Side Management 

DSO – Distributor System Operator 

EV – Electric Vehicle 

GFPP – Gas Fired Power Plants 

GHG – Greenhouse Gases 

HEV – Hybrid Electric Vehicles 

HV – High Voltage 

ICE – Internal Combustion Engine 

IEA – International Energy Agency 

IEC – International Electro-technical Commission 

LV – Low Voltage 

PEV – Plug-in Electric Vehicle 

PHEV – Plug-in Hybrid Electric Vehicle 

PLDV – Passenger Light-Duty Vehicles 
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RES – Renewable Energy Sources 

RTS – Reference Technology Scenario 

R&D – Research and Development 

SAE – Society of Automotive Engineer 

SoC – State of Charging 

SOH – State of Health 

TSO – Transmission System Operator 

UK – United Kingdom 

USA – United States of America 
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1. Introduction 

1.1.  Background 

Energy needs started a steep increase worldwide in the last century. Development in Europe and 

North America originated the spike and are still an issue due to increased desire for extra comfort. 

Additionally, the industrialization of populous countries like China and India increases greatly the 

needs of energy and power generation. The world’s power was – and still is – very carbon intensive, 

which resulted in enormous amounts of GHG emissions, such as CO2 (IEA, 2018a). Such emissions 

are atrocious for the environment, resulting in global warming. In the past few decades, focus has 

been laid on producing more environmentally friendly energy. Most results were seen in the power 

generation sector. Renewable energy generation has been steadily increasing all over the world. R&D 

is still taking place and ideally at some point, all the electricity consumed can be produced from green 

sources. The next step in creating a more sustainable future is the transport sector, which relies heavily 

on oil, a very carbon intensive source. The transformation has started with road transportation starting 

the transition, with an increasing number of players, options and regulations being introduced to the 

market every year (IEA, 2018b). Sweden, and especially Stockholm, has been on the front row of these 

sustainably friendly measures, with Stockholm having the goal of becoming a fossil fuel free city by 

2050 (Stockholm’s Stad, 2014).  

Despite popular belief, electric vehicles (EVs) are not a recent invention. In the very early days of the 

automotive industry, steam, electric and gasoline vehicles competed in the market. Electric vehicles 

were the most competitive option in the industry due to the various issues with ICEs, especially hand 

crank start and manually changing the gears. Nevertheless, with the introduction of the Model T by 

Henry Ford in 1908 (Ford, 2018), the electric starter in 1912, and low gasoline prices, the ICE 

increased its market share, with electric vehicles nearly disappearing after 1935 (Sierzchula et al., 2011). 

Electric vehicles made a small reappearance in the 70s due to the oil crisis, but its big renaissance 

started in the 1990s with the California Zero Emissions Vehicle (ZEV) mandate. This mandate 

enforced the production of non-CO2 vehicles, and was reformulated in 2001 to accommodate hybrids 

(Sierzchula et al., 2011).  

With the increase in environmental awareness and environmental protection, there has been a major 

worldwide government push for the implementation of electric vehicles, with an increasing number 

of companies performing extensive R&D (Sierzchula et al., 2011). According to the International 

Energy Agency (IEA), the biggest barrier to electric vehicle mass adoption was - and still is – a result 

of a Cost Benefit Analysis (CBA) that needs to be taken between vehicle performance and vehicle 

cost. The high cost is mostly due to high costs of its batteries, which are both very expensive, and 

account for the largest share in the vehicle cost (IEA, 2011). That specific characteristic resulted in a 

peculiar approach by companies. Larger companies have been targeting mass market cars, eventually 



Smart Charging of EV Batteries for Load Balancing Strategies  

 

14 

 

experiencing losses while gaining the know-how and market share. On the other end, start-ups are 

marketing to niche markets: high end sports cars, where prices can be higher (Sierzchula et al., 2011) 

which allows companies to have a large profit per vehicle. For the first situation, the reader can look 

at examples from Nissan, with the Nissan Leaf and GM/Opel with the Chevrolet Volt/Opel Ampera. 

On the other end of the spectrum, Tesla started with the Tesla roadster, a convertible sports car, and 

then the model S and model X, and only in 2017 released a less expensive middle-class segment with 

model 3, their first mass marketed vehicle.  

1.2. Types of Electric Vehicles 

The commonly called EVs include two main groups, the division depending on the degree of 

electrification: Hybrid Electric Vehicles (HEVs) and Plug-in Electric Vehicles (PEVs). Both these 

groups of vehicles include a battery, although with vastly different ranges and different goals with 

regards to the drivability of the vehicle. 

Hybrid Electric Vehicles (HEVs) – In these vehicles, the ICE is the main source of power, with 

the battery having a lower size and function. The battery is used at lower speeds and for regenerative 

breaking, generating electric energy from the kinetic energy.to charge the battery. This is the only way 

an HEV charges its battery, with no connection to the grid at all (Lee, 2011).  This type of vehicle was 

very important in the transition from ICE vehicles to a more electrified fleet. Its importance has been 

decreasing with the gaining popularity of the plug-in vehicles. These vehicles will not be considered 

in this study.  

Plug-In Electric Vehicles (PEVs) – In PEVs, the battery is the main source of power. The 

distinction comes from the existence – or lack of – of an ICE. On one hand, Battery Electric 

Vehicles (BEVs) only have an electric motor, with electricity being then the only source of energy 

for the vehicle. On the other hand, Plug-in Hybrid Electric Vehicles (PHEVs) have an ICE in 

addition to the electric motor, allowing for an extended range compared to the BEVs. PHEVs use its 

electric motor to provide all the necessary propulsion until the batteries need charging, where the ICE 

takes the lead, thereby extending the vehicle range. Electricity is provided through the grid, allowing 

larger savings when compared to HEVs (McEachern, 2015).  

HEVs and PHEVs use two different types of motors, increasing its complexity and number of parts 

needed, hence increasing maintenance costs. As for BEVs, the large share of battery price increases 

the total cost of the vehicle, as being the only motor available, the totality of the energy must be 

provided by the batteries. Other current disadvantages are range anxiety, shorter range and, for now, 

an insufficient charging infrastructure (Lee, 2011).  
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It is important to notice that, although range anxiety is a drawback of EVs, it is a problem that should 

not be addressed by the vehicle, but to the user instead. Drivers in Stockholm drive daily, on average, 

approximately 49 km (Transport analysis, 2016), which is lower than all BEVs range and when not 

lower than the battery range of a PHEV, the ICE available in that type of vehicle can cover the rest 

of the trip. If the vehicle is charged daily, at home, during the night, there is no reason for range 

anxiety. Nevertheless, the lower range than a regular ICE vehicle can still cause concerns to the user, 

which is expected to decrease as electric vehicles become more common.   

1.2.1. Advantages and Challenges 

Nowadays, the present and future of PEVs is still far from consensual, both regarding projections for 

the degree of market penetration and the benefits they can bring. PEVs have considerable advantages 

over ICE vehicles, although there are some challenges that need to be tackled to achieve a successful 

and fruitful implementation.  

The clearer advantages with relation to conventional vehicles are: 

 No exhaust gases – BEVs do not have exhaust emissions, and PHEVs only have said 

emissions in the ICE mode, reducing pollution in cities. Electricity consumption does not 

generate GHG.  

 Cheaper running and maintenance – With the increasing in price of fossil fuels, charging a 

battery is, and will be, considerably less expensive than filling a tank of diesel or gasoline. The 

fuel cost of an EV is about as much as only one third of the fuel for an ICE (Ergon, 2015).  

Apart from running cost, also maintenance cost is considerably less expensive. Electric motor 

has considerably fewer moving parts than a mechanical engine, which reduces the risk of 

malfunction and part substitution.   

Despite the various advantages, PEVs still face considerable challenges for a successful market 

penetration: 

 High investment cost – The investment cost for EVs is still considerably higher than for a 

regular ICE. This is mainly due to the extremely high cost of batteries, which has been 

exponentially decreasing, reducing from 1000 USD/kWh to around 200 USD/kWh. This 

price is expected to keep decreasing, although at a lower rate.  

 Energy mix of a country – Although the consumption of electricity does not emit GHG or 

other pollutants, the production of said electricity can.  It is important to guarantee a clean 

electricity production mix in a country before large market penetration, in order to keep EVs 

more environmentally friendly than the ICE counterparts. 
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 Power consumption for battery production – Production of batteries can still be power 

intensive, which can be counterproductive when analyzing the full environmental potential of 

an EV, which must be considered.  

 Harmonic injections to the grid – EV charging produces its own set of harmonics, which 

will penetrate the grid and potentially cause disturbances, voltage violations, distortion of 

harmonics, as well as issues with fuses and circuit breakers.  

 Grid overload – As EVs increase their penetration in a market, the power consumption will 

increase. Without controlled or scheduled charging, many EVs charging at the same time and 

location can result in higher losses, and increased stress in transformers and the grid itself.  

1.2.2. Charging Infrastructure 

The three possibilities for the charging of an electric vehicle are battery swapping, inductive 

charging and Plug-In charging.  

 Inductive Charging – This mode has advantages in terms of time and efficiency, with the 

possibility of charging on the go. Nevertheless, it is still in the R&D phase. 

 Battery Swap – When the vehicle battery is discharged, there is a swap for a new battery. Old, 

used batteries can be sold, or they can be worked as a process of battery renting for one usage. 

This method is expensive and inefficient and therefore not used.  

 Plug-in charging – This is the mode in use, for being the most efficient way of charging an 

electric vehicle nowadays. The vehicle is plugged to the grid, with varying options and modes, 

which will result in different charging powers and subsequently different charging modes.  

The components for the charging of an electric vehicle are the socket, which connects the 

vehicle to the grid; the plug and the connector, to connect the cable to the socket and the EV 

respectively. 

 

Figure 1: Electric Vehicle Charging Infrastructure 
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The charging infrastructure can also be described accordingly to the degree of access it offers 

to its users: 

Public – These charging stations are typically provided by the local or central government in 

order to promote the usage of EVs. They are often located in parking lots, with a selected number of 

spots reserved for EVs. 

Semi-Public - These type of charging stations work in a similar manner as the regular gas 

stations. They are privately owned, but accessible to all paying customers. They are getting more 

common in commercial areas and shopping centers, with a selected number of parking spots dedicated 

to this purpose.  

Domestic – By far, the most common way of charging, being at home, in a garage in a rural 

or suburban environment, or, where no access to a garage is provided, such as urban regions, at 

company buildings during working hours. This is the type of charging considered in this work. 

The charging of the EV itself can be described through levels or modes. Levels, if using the 

terminology defined by SAE (Society of Automotive Engineers), with the description being based on 

the power provided by the charging outlet. On the other hand, they are called Modes, when defined 

by the IEC (International Electrotechnical Commission), describing the safety communication 

protocol between the vehicle and the charging station.  

Level 1 – This is the standard level for a domestic charging, with 120V and 12A. This is 

considered slow charging, taking up to 18 hours to completely charge a battery. Powers vary between 

1.4 to 1.9 kW.  

Level 2 – This is considered fast charging, still AC. The voltage is around 240V, with the 

amperage varying between 15 and 40A, depending if the charging is done single phased or three 

phased, with output power averaging 3.3 to 9.6kW, leading to a shorter charging time: No more than 

3 hours from empty to full battery. This is the charging level considered in this study.  

Level 3 – Fast charging, but in DC. The first 80% charge very fast, around 20min, with a 

power output of 60 to 150 kW. The remaining of the battery takes considerably more time, resulting 

that DC charging is mostly used for the 80% fast charging.  

The classification by mode is the following: 
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Mode 1 – This mode is for slow, domestic charging. It is either single or three phase voltage, 

up to 16A. 

Mode 2 – In this mode, the cable can still be plugged to a standard domestic power outlet but 

offering more protection in relation with mode 1. Safety additions include over-current, over-

temperature protection, and Earth protection, with the limitation being 32A. It is important to notice 

that this mode was developed for EVs that usually charge in mode 3 and can also charge domestically 

in a standard socket, such as the ones considered in this study 

Mode 3 – The last AC mode, facilitates a larger power output than mode 2, usually available 

in public or semi-public charging stations. It can go up to 63A, used for both slow and fast charging. 

It is the model adopted for the EV market for non-domestic charging stations.  

Mode 4 – The charger that is part of the charging station, not the vehicle, usually available at 

public chargers. 

1.3. Current Situation 

EVs show several advantages over ICEs, such as the lack of noise and the reduced number of 

parts and mechanical systems, allowing to considerably lower maintenance costs. However, the big 

motivation for the resurgence of EVs was the drive for a sustainable future. Not having an exhaust 

pipe, an electric vehicle is much less pollutant while circulating, significantly reducing GHG emissions 

in urban areas, but it is still important to guarantee that the electricity used in EVs is produced using 

Renewable Energy Sources (RES). According to the International Energy Agency, in 2016, nearly 66% 

of the new net electricity additions came from RES and there is a 43% renewable electricity capacity 

expansion until 2022 worldwide, with China being the major player. Regarding EVs, IEA expects that, 

by 2022, RES accounts for 30% of the electricity needs, up from today’s 26%, accounting for nearly 

1% of world electricity generation (IEA, 2017a). 

The past decade showed an exponential resurgence in the EV market, with over 750 thousand 

sales worldwide in 2016. 2016 was also the year where the 2 million electric cars circulating worldwide 

was reached, after reaching the 1 million only in 2015, representing 0.2% of total passenger light-duty 

vehicles in circulation (PLDVs). Electric vehicle total stocks had a 60% growth in 2016, after growing 

77% in 2015 and 85% in 2014. The United States were the biggest electric vehicle market, up until 

2016 when China accounted for 40% of 2016 global sales, the double of the United States. These two 

countries account for 60% of electric vehicle stock share with European countries accounting for the 

other 28%. In terms of a country market share of PEVs, Norway has a significant lead, with 29%, 

followed by the Netherlands with 6.4% electric car market share and Sweden with 3.4%. On a second 

tier, China, France and the UK have a market share of about 1.5% (IEA, 2017b).  
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BEVs account for the majority of electric vehicle stock at 60%, which has been nearly constant 

since 2012. They are the majority in China, France and Norway, while the Netherlands represents the 

opposite with nearly 88% of its stock corresponding to PHEVs.  A third group of countries including 

both Canada and the U.S. have a similar share of BEVs and PHEVs. A large electric car market share 

is imperative for the achievement of global decarbonization strategies and control of climate change. 

The international energy agency expects the deployment of electric cars to continue increasing, 

highlighting three different scenarios: The Reference Technology Scenario (RTS), corresponding to 

the current strategies and policies, predicting a stock of 56 million electric cars by 2030; The 2DS, 

which corresponds to a 50% probability of limiting the global temperature increase to 2ºC by 2011 

expects an increase to 160 million electric cars. Finally, the B2DS scenario expects 25 million electric 

cars in circulation in 2020 and 200 million by 2030 (IEA, 2017b).  

1.4. Motivation 

Sweden is known worldwide for being innovative in sustainability and green policies. With a 

growing number of people moving from rural to urban areas which, although only occupying a 

fraction of the land, will account for around 75% of GHG emissions (World Economic Forum, 2018). 

Stockholm is often called “the green capital”. Its district has nearly 2.2 million people and 140 

thousand more are expected until 2030. For that reason, since 1998 there are several GHG emissions 

reduction plans, with the final goal of making Stockholm a fossil fuel free city by 2050 (Stockholm’s 

Stad, 2014). Since renewables (57%) and nuclear (41%) already account for the great majority of 

electricity produced in Sweden, the current big challenge is the enormous amount of GHG emissions 

from transportation, hence the extended efforts on EV penetration (IEA, 2017c). 

Sweden – and Stockholm – have then been applying various strategies in order to increase the 

share of electric vehicles. This must be tackled by increasing both the EV fleet as well as an improved 

charging infrastructure to avoid power overload. Since 2006, Sweden has tax exemptions for EVs 

during their first five years of operation, allowing Sweden to have the third largest market share of 

PEVs by 2016 (IEAHEV, n.d.). Stockholm municipality initiated a project in 2014, installing 10 fast 

charging points and another 100 regular charging points for public use, gathering data in order to 

better plan the network expansion. The new goal is to have 500 street charging points by 2020 (Der 

Pas, 2017). 

Although the growth by several orders of magnitude in the following decade (IEA, 2017b) is 

generally positive, such an increase in the number of EVs in circulation have the potential to cause 

undesired impacts on the whole power system due to the extra capacity needed. At the generation 

level, high demand and scarce capacity can increase prices. In the transmission level, an increase in 

peak power demand, may cause capacity shortages and added stress on the grid. Additionally, at the 

distribution level, there may be overloading of transformers causing voltage drops (IEA, 2017b).  Most 
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probable solutions are the implementation of smart grids, as well as demand side management smart 

charging and peak shaving strategies, with the last one being the focus of this thesis. 

1.5. Hammarby Sjöstad 

Stockholm positions itself as an appropriate location in any study focused on sustainability. It is the 

biggest metropolis in Sweden, is very environmentally friendly, even winning the European Green 

Capital city competition for the year of 2010. Hammarby Sjöstad is a city district located in the south 

of Stockholm, east of the island of Sodermalm, as the reader can see in the figure below (Figure 2). It 

is connected to the city through Sodermalm. Before being part of a large ecological project, Hammarby 

Sjöstad was an old industrial and harbor area, which started to be modernized in the decade of the 

1980s. This initial work had the objective of make Hammarby Sjöstad the Olympic village for the 2004 

Summer Olympics, displaying the passion Sweden – and the city of Stockholm – have for 

sustainability. When the Swedish candidacy was lost to Athens (Greece), the works had already begun. 

In order to take advantage of that, it was then decided to proceed with the works and Hammarby 

Sjöstad was seen as a unique opportunity to the much needed expansion of Stockholm’s inner city, 

transforming the old industrial area in a modern ecological friendly city (Foletta, 2010). 

 

Figure 2: Location of Hammarby Sjöstad in reference to Stockholm (Google Earth, 2019) 

Since the beginning of the project, large restructuration works have been taken place, closing and 

relocating old industrial buildings, and once completed, Hammarby Sjöstad will be home for 

approximately 26 000 residents, distributed between 11 500 apartments, with a total capacity for about 

36 000 people working and living there. Starting in 2016, 13 000 tourists were to visit the area every 

year (Stockholms Stad, 2011). Hammarby Sjöstad is already a story of success, with its roots coming 

from the ambitious goals set with regards to land use, transportation, materials used in construction 

Sodermalm 
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as well as control of energy use, water and sewage, being part of a cooperation by the different city 

entities. This is an example to be used by other cities and regions.  

Stockholm, and Hammarby Sjöstad, are then a perfect fit as a choice for a project like this. Stockholm 

has achieved a reduction in CO2 emissions on the order of 25% per resident since 1990, with more 

ambitious goals already set for the upcoming years. Hammarby Sjöstad is promoting the use of public 

transportation, with the objective that 80% of passenger commutes to be done by this type of 

transportation. Additionally, there was a large investment in cycling and pedestrian infrastructure, with 

the addition of a reduced number of parking lots per household, both public and in private garages: 

approximately 0.15 on-street parking spots per household, and around 0.55 per household located in 

public or private garages (Foletta, 2010). 

 

Figure 3: Hammarby Sjöstad before development (Foletta, 2010) 
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Figure 4: Hammarby Sjöstad at present state (China Development Bank Capital, 2015) 
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2. Research Question 

It is understood that PEVs are going to continue to expand in current society, and that Sweden is in 

the front row of environmental conscientious measures, and, as a consequence, in the front row of 

PEV growth. It is also understood that a high penetration of PEVs can result in damages to the grid 

and an increase in peak load. This study will then intend to answer the following research question: 

 Are there monetary savings to EV owners associated to the use of EV charging as peak 

shaving/load shifting strategies in Hammarby Sjöstad?  

2.1. Objectives 

The research question presented, although the end goal of this study, is very general and potentially 

ambiguous to answer at one time. Because of that, the following smaller objectives were identified, 

which, when achieved, provide content and insight to answer the research question. 

2.1.1. Analyze three different charging modes 

The three different charging modes will have increased control over the charging. The reference 

mode has no control, and the vehicle is charged as fast as possible when plugged in. The smart 

charging mode will analyze day-ahead prices and schedule the lowest cost charging profile. The 

“Vehicle-to-grid” mode is fundamentally similar to the “smart charging mode”, with the added 

possibility of selling electricity to the grid.  

2.1.2. Compare profiles of load and costs 

The day-ahead electricity prices profile will be compared to the given residential load. Both the load 

and the prices will then be compared to the charging profiles of the three charging modes. This will 

allow to analyze how results follow expectations and to take valuable conclusions.  

2.1.3. Analyze the trade-off between V2G savings and increased battery 

degradation 

It is expected for the V2G mode to be achieved the least expensive charging due to the possibility of 

selling electricity to the grid when prices are high. Nevertheless, this mode will come at the cost of 

higher battery degradation. Advantages and disadvantages will be compared to reach a verdict.  
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3. Literature Review 

In a PEV, its batteries are the most crucial part of the whole vehicle. Historically, energy storage did 

not have great relevance to the traditional power plant, but with the increase of intermittent RES there 

has been an increased interest in integrating PEV batteries to the energy system. Years ago, it was 

considered that the needs to power a PEV were far superior to what batteries had to offer, with 

technically challenging voltage imbalances (Morcos, 2000) and so, they have been the object of 

extended R&D. Several battery types were seen as having potential to be used on large scale in PEVs, 

such as Pb-acid, Ni-Cd, Ni-MH or Li-ion. Eventually, for the time being, Li-ion batteries were seen 

as the most advantageous and are the usual choice to power PEVs. Still, this is not stationary, with 

subsequent breakthroughs showing potential in advanced Li-ion, Zn-air, Li-S and Li-air, the last being 

still in the R&D phase (Reid & Julve, 2016).  

Constant developments have allowed prices to evolve and come down from prohibitive values. Less 

than 10 years ago, Li-ion batteries were being commercialized at prices superior to 1000$/kWh. 

Making good use of economies of scale, prices were able to drop to a fifth of that, being sold in 2016 

by prices around 200$/kWh (IEA, 2018c), which decreased a 22% further in 2017 (IEA,2019). These 

price decreases are expected to continue to decrease, reaching numbers on the order of $150 - $100 

per kWh by 2020 (Reid & Julve., 2016). These prices may still not be economically advantageous when 

compared to ICEs, and so research has been performed to study the potential of increasing revenue 

out of a PEV battery and ultimately decrease its cost.  All this is seen to have a bright future due to 

country’s expectations in increasing the PEV fleet and RES. RES already covers 35% of Germany’s 

electricity demand and this number is expected to increase to 80% by 2050. This is tied with the 

objective of deploying one million PEVs by 2020, corresponding to about 25 GWh in energy storage. 

Hopes are these batteries, after reaching the end of their life cycle, can be sold at prices that nowadays 

can be limited to 150$/kWh, to provide energy storage for the intermittent renewables such as solar 

and wind energies, decreasing the overall cost for the EV owner (Reid & Julve., 2016). 

Without control, a PEV would typically be charged in the afternoon, after work, when a PEV owner 

would arrive home. This, when translated to a large penetration of PEVs can cause voltage imbalances 

in the distribution grid, maximized by the existing RES (Putrus et al., 2009).  It happens because the 

existing power grids are not prepared for such a degree of PEV penetration. Network improvements 

might become necessary, and PEVs used as energy storage (Zhao et al., 2010) or V2G (Reddy et al., 

2018) in order to increase grid reliability. Not only the degree of penetration is important, but also 

their charging schedule. Even with night-time charging, a sufficient number of PEVs can create needs 

for additional base load generation capacity, with the charging adding new peak loads to what was a 

valley before, and the grid was thought to be unable to support a PEV penetration superior to 20%, 

depending on the region (Rahman & Shrestha, 1993).  



Smart Charging of EV Batteries for Load Balancing Strategies  

 

25 

 

A Portuguese study analyzed the impacts of home charging PHEVs at night-time, and concluded that 

the degree of penetration increases, more strain will be put on the distribution grid, increasing the 

minimum system load, and increase stress on baseload units (Camus et al., 2009). In British Columbia, 

Monte Carlo simulations were performed to estimate residential and commercial demands where it 

was learned that PEV charging does increase the peak demand, which in turn causes voltage drop 

(mainly in rural areas) and transformer overloading (Kelly et al., 2009). The Pacific Northwest National 

Laboratory of the USA believes their national gird, being underutilized, could support 73% of the 

light-duty fleet, although with lower reliability and more frequent plant maintenance (Kinter-Meyer et 

al., 2007). For the Ohio grid, with no charging control, PHEV penetrations of 30% could increase the 

peak load to more than 3% (Sioshansi et al., 2010). In the UK, a Monte Carlo simulation was developed 

with a Spatial-Temporal model to obtain EV charging loads in busbars at different times, identifying 

the critical network components for 0, 25 and 50% EV penetration levels, showing low voltages at 

times for larger penetrations. STM has potential to quantify EV penetration impact and detailing 

vulnerable parts of the network (Mu et al., 2013). 

Grid imbalances concerns are not a new concept. In 1983, it was seen that off peak charging could 

considerably improve the daily load factor (Heydt, 1983). When the California Air Resources Board 

adopted regulations for the sale of zero emission vehicles, a study concluded that shifting the charging 

load from EVs into the existing morning load would produce cost benefits for the whole system (Tutt 

et al., 1992). DSM was then seen as an important element in EV charging, resulting in new research. 

A study focused on a scalable three-step approach for aggregated de-centralized charging control 

deemed DSM as essential for large PEV penetration. When comparing centralized and scalable 

decentralized approaches, it was seen that, although the centralized approach resulted in cost decrease, 

this decrease was just 1.5%, which is offset by the excellent potential for scalability in the three-step 

de-centralized approach (Vandael et al., 2013). 

Decentralized charging of large populations of PEVs was evaluated through game theory. Using the 

Nash Equilibrium method, an optimal charging would reduce generation costs by delaying the 

charging for the night-time valleys, concluding that this is a useful method to be used when a 

centralized charging is not possible and when frequent connection with the PEVs doesn’t happen (Ma 

et al., 2011). In 2020, Ireland expects to have 10% of its electricity demands met by RES, together 

with a steep increase in the number of PEVs.  Here, it is seen that using real-time pricing, even with 

present day technology, it is possible to achieve cost and peak reduction through DSM, while there is 

an increase in RES inclusion (Finn et al., 2012).  

In a study from 2010, a time coordinated optimal power flow (TCOPF) formulation is used, putting 

the dispatching responsibility in the DNO, which in turn can make use of the added energy storage 

that PEV batteries provide. These vehicles were considered to have V2G capabilities and it showed 

positive results, where the DNO can in fact achieve energy savings through coordinating PHEV 
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charging in an optimal manner, overall improving the network operation (Acha et al., 2010). In the 

University of Ohio, same considerations were made regarding a large penetration of EVs in the grid. 

A stochastic method was developed that made use of the plugging times, charging needs, loads and 

prices making premise that an EV will be plugged more time than the needed for charging and reached 

similar conclusions using a Monte Carlo simulation (Wu et al., 2017). 

Coordinated charging allows for an optimal charging profile to be calculated, one which will minimize 

losses. The potential of smart metering or smart charging was studied for PEVs charging 

simultaneously, measuring voltage deviations. In this study, there was an emphasis in coordinating the 

charging remotely for times of lower load consumption to increase the charging efficiency. The smart 

metering allows to control PEVs loads and increase V2G potential. The results were positive, showing 

that, if smart-metering becomes less expensive than upgrading the grid, that this strategy does allow 

to decrease power losses and increase charging efficiency (Clement-Nyns et al., 2010). In a study from 

2011, the relationship between feeder losses, load variance and load factor were observed through 

three optimal charging algorithms for different grid topologies. When load variance is reduced, lower 

losses are presented. The load factor maximizing algorithm is recommended, giving excellent results 

at a faster computational time (Sortomme et al., 2011). For DSM, and V2G, communication between 

the EV and the Smart Meter are crucial, working well through Wi-Fi (Santoshkumar, 2015). 

Both EV owners and DSO desire to either produce the largest profits or to reduce costs when using 

V2G, hence this strategy not being used for base load. V2G is expected to be used in quick-response, 

high-value electric services, in the few hundred hours of peak load. Power fluctuations account for 5-

10% of all electricity costs, and ancillary services account for a $12 billion (Kempton & Tomić, 2005) 

market per year in the USA alone. PEVs will never be able to create bulk power, so they can only be 

profitable at high electricity prices. They can also improve grid reliability and reduce costs, but that is 

an easy saturated market (Kempton & Tomić, 2005). Later, the same team evaluated two utility-owned 

fleets of BEVs for the regulation market of 4 US regions, where they observed that V2G could provide 

revenues across all regions and be profitable enough to encourage people to buy this type of vehicles. 

Results vary considerably across markets, showing the importance of specific region analysis for 

economic attractiveness (Tomić & Kempton, 2007). 

Although technology is experiencing great advances, customer acceptance is still one of the main 

challenges to V2G and EVs in general. Nordic countries lead the world in EV adoption. In 2018, 227 

interviews were conducted to experts in the feel, in order to understand consumers’ excitements and 

concerns. It was concluded that there is a lack of information to the consumers, and often times, a 

lack of expertise from DSOs to fully adopt V2G. In these countries, dynamic pricing does not present 

itself as interesting as predicted, because high taxes offset the savings or revenues. EV experts believe 

more in stationary batteries for ancillary services than V2G. Overall conclusions point in the direction 

of more R&D and that the lack of interest in V2G comes from the lack of fully understanding what 
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it is from all the parties involved (Kester et al., 2018).  For an aggregator, unidirectional V2G was 

shown to be both profitable and reducing system load impact and customer costs. Nevertheless, by 

using unidimensional V2G, profits are only around a quarter of what they would be by using bi-

directional V2G. This situation was then considered a first step towards full V2G and has more 

customer acceptance without the issue of battery degradation (Sortomme & El-Sharkawai, 2010). 
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4. The Model 

Before the reader is faced with how the model was built, its limitations, inputs and constraints, it is 

presented, in the figure below, a basic flowchart representation of the model. Here, one can see that 

for each charging mode, the required inputs are introduced, with which the model calculates the initial 

conditions. The fleet charges for the day (one cycle) and this process repeats itself for the duration of 

the study, which is different for the different types of analysis.  

 

Figure 5: Model Flowchart 

This section is constituted by three subsections where the reader will have the opportunity to 

understand the model itself. Firstly, in the Scope of analysis, three different charging modes analyzed 

and the short- and long-term analysis will be explained. After, the inputs that are given to the model 

are presented. In the following subsection, the algorithm is explained, to give an understanding of 

how the information flows to originate the final results, and finally assumptions that need to be taken 

in order to achieve real life results. 
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4.1. Scope of analysis 

4.1.1. Charging Modes 

In this model, three charging modes were considered: The “Reference Mode”, the “Smart Charging 

Mode” and the “Vehicle-to-Grid Mode”, each of them with an increased control over charging time 

and powers. Initial expectations are that with an increased control, one can achieve an increased 

amount of load shifting, and, consequently, reduced charging costs. The same conditions are applied 

for all charging modes. 

4.1.1.1. Reference Mode 

In this mode of charging, there is no control whatsoever. The moment the vehicle is plugged in, it 

starts charging at the maximum power possible until the battery is fully charged. No analysis or 

considerations are done for peak load or cost of electricity. The moment the battery is fully charged, 

the vehicle stops the charging and remains fully charged until it is unplugged.  

4.1.1.2. Smart Charging Mode 

In this mode, the model is given the possibility to make use of the day-ahead prices for the day in 

consideration. The vehicle is plugged in at the same time as in the reference mode, but it does not 

necessarily starts charging immediately. The model analyses the day-ahead prices for the time the 

vehicle can stay plugged in, returning the charging profile resulting in the lowest possible charging 

cost. With this charging mode, the peak load is expected to be the same as if there were no vehicles, 

and the prices are expected to decrease, compared to the reference mode.  

4.1.1.3. Vehicle-to-grid 

V2G is fundamentally the same as the Smart Charging mode. The same type of control is present 

here, with the addition of using its battery to sell electricity to the grid. This is expected to make this 

charging mode even less expensive than the Smart charging mode, since electricity can be sold to the 

grid when prices are higher, and then charge the vehicle when the cost are the lowest. 

4.1.2. Time Frame 

Two different time frames will be analyzed in this model: The Short-term analysis, which, as the name 

indicates, will treat the one day long vents, and the long-term analysis, for a full year analysis.  
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4.1.2.1. Short-term Analysis 

In the short-term analysis, a one-day analysis is done. Four different nights will be analyzed: one for 

each weather season: 

 March 23 

 June 22 

 September 21 

 December 21 

In a colder country like Sweden, power consumption greatly changes depending on the weather. In 

the winter large amounts of heating are always necessary , when in the summer this is not true, hence 

the choice for the different days, spread out through the year. These four days are the first Wednesday 

of each season, with different weather, allowing to understand the price variations. Secondly, the 

Wednesday was chosen by being the central weekday, in order to try to have a standard of the routines 

as much as possible in regard to mileage and plugging times.  

Here, only one day at a time is analyzed, with the analysis being focused on the behavior of the 

charging according to the prices for that given day, as well as the comparisons between the different 

days of the different seasons. Results will show the potential for the shifting of the load with plots of 

the charging curves for the different modes and allow price comparisons between charging modes 

and weather.  

4.1.2.2. Long-term Analysis 

In the long-term analysis, one full year is analyzed. Here, only six nights per week are studied, since 

the night of Saturday to Sunday is more susceptible of different behavior than a weeknight. After 

knowing the charging costs for one night, it is important to know what the overall cost of charging a 

vehicle during the full year is. This is not trivial, since charging capability is lost over time, due to 

battery degradation, which costs needs to be quantified. Two different battery degradation models are 

used, and its differences are studied.  

The keyword for the long-term analysis is battery degradation. Battery degradation over usage will 

decrease battery capacity and bring an extra cost that needs to be considered. Moreover, V2G will 

increase battery degradation by potentially providing electricity to the grid. The overall number of 

cycles through charging and discharging is calculated, and the overall charging cost for each mode is 

calculated. After one year, it can be assumed that the behavior will have the same trends the following 

years, and for the rest of the life of the vehicle. With that, it is then possible to conclude which mode 

of charging is the least expensive overall.  
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4.2. Inputs 

In order for the model to be as accurate as possible, real data must be input in the algorithm. Data 

concerning prices, load, driving patterns and vehicle specifications was used when available free of 

charges.  

4.2.1. Grid 

4.2.1.1. Electricity prices 

For this model, the hourly day-ahead electricity prices made available free by NordPool in their website 

for the year of 2016 were used. To ease the computational effort, the full year was not used, instead 

only four weeks were extracted, referring to the four days of the short-term analysis. These standard 

weeks were used repeatedly for thirteen weeks each, as the standard week for each season. 

4.2.1.2. Load Profile 

In this model, real data regarding electricity consumption will be used in order to calculate potential 

peak load increase or decrease. Hourly data is provided from 258 customers in of Hammarby Sjöstad, 

mostly residential, but with some services as well.  

4.2.2. Building (Users) 

4.2.2.1. Scheduling 

This model makes use of hourly price data. Costs will then depend on the time available for charging 

the vehicle. In Sweden, people usually work around 40h per week, with the workday being 

approximately 8am – 5pm. Plugging in is then considered to occur at 6pm and unplugging at 6am of 

the following day (Business Culture, 2019).  

4.2.2.2. Driving Patterns 

The data available on driving patterns predicts how much a driver will drive during a weekday, in order 

to calculate the State of Charging (SoC) at the plugging in of the vehicle. This will allow to calculate 

not only the electricity needed to fully charge the vehicle, but also the electricity remaining in the 

battery that can be potentially sold at peak load times. Evaluating driving patterns is a complex matter, 

and for this study, only the amount driven is important, and not exactly where or how. Swedish official 

entities consider that, on average, a vehicle in Stockholm drives around 170 000 km per year, which is 
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approximately 49km/day, the number used in this model (Transport analysis, 2016). Since this value 

is susceptible to error, a 5% variance was assumed and calculated for each day. It is then assumed that 

each vehicle drives between 46.55km/day and 51.45 km/day.  

4.2.3. Vehicle 

4.2.3.1. Market Distribution 

Every vehicle model is different, with different requirements and specifications. The market share of 

each vehicle is then considered in order to decide which vehicles are used in the analysis 

4.2.3.2. Vehicle Specifications 

Once the set of the vehicles used is decided, the specifications of each one of them is used as an input. 

Here, the important characteristics are range and capacity of the battery. Charging power and charging 

efficiency are also important, but due to lack of available information by the manufacturers, it is 

assumed to be the same for each vehicle. For battery degradation, publicly available studies were used, 

discussed in detail in the next section.  

4.3. Assumptions 

Despite the desire to have exact information, in a model depicting realistic situations, assumptions 

have to be made. The following assumptions were made given all the free of charge information found, 

in order to create feasible and useful results.  
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4.3.1. Load Profile 

 

Figure 6: Load example from available data 

The data used in this model refers to 258 customers from Hammarby Sjöstad. Although most of the 

data is referring to residential customers, there are also other cases. In this plot, referring to March 

24th for the 258 customers, the reader can see that, although not a smooth curve, the load is a suitable 

approximation of the ideal residential curve.  

4.3.2. Grid availability 

This study only considers a total of four vehicles. Although seen that a large penetration of PEVs 

could cause imbalances to the grid, here, it is assumed that the small case of this study will virtually 

cause no issues. It is assumed that the grid will function correctly, having enough capacity to 

accommodate the charging of the four vehicles at the same time. The most critical times would be the 

afternoon peak load, or during night-time charging, with no consideration to additional unit 

dispatchment.  

The day-ahead prices vary depending on the load needs. For that reason, when there is peak load, 

electricity prices are usually at a peak as well, whereas in load valley, typically at night times, prices are 

lower. It is then assumed that a reduction of peak load, or an increase in load on a valley would cause 

no variation in pricing, making these prices suitable for use.  



Smart Charging of EV Batteries for Load Balancing Strategies  

 

34 

 

4.3.3. Charging Limitations 

The charging mode chosen for this model is the mode 2, for the vehicle to charge at home during the 

night-time, which has a maximum charging power allowed of approximately 7 kW (FleetCarma, 2018). 

The vehicle is charging at maximum power at all times that it is charging. If the energy needs for 

complete the charging are lower than the maximum charging power, then the vehicle is considered to 

be charging at maximum power for a duration lower than the time slot. As an example, if a vehicle 

needs three and a half intervals to charge, it will charge at maximum power for the duration of the 

three and a half intervals, instead of charging at maximum power for three intervals and 50% of the 

maximum for the remaining interval, or any other variation of this. 

With regards to charging efficiency, no information is specifically given for each model by the 

manufacturer or any other available source. For that reason, the same charging efficiency of 89.4% 

was chosen for every vehicle (Sears et al., 2014).  

4.3.4. Vehicle distribution & specifications 

The market share of PEVs in Sweden is rapidly rising, with 6.3% of all car sales being electric in 2017 

(IEA, 2018c), and steadily increasing. Buildings in Hammarby are around 5 story tall with a total of 

15-20 apartments, with approximately 2.2 people per apartment (ArcGIS, 2013). Considering this 

increase in PEVs and the sustainable nature of Hammarby, a building was considered to have 4 PEVs 

for the scope of this study.  

 

Figure 7: PEV Market share in Sweden (EAFO, 2016) 

Given the current market share for PEVs in Sweden, as the reader can see in the figure above, the 

vehicles considered for this model were one unit of each of the four major models in circulation: 
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Volkswagen Passat GTE, Kia Optima PHEV, Mitsubishi Outlander PHEV and Volvo XC60 PHEV. 

It is interesting to notice that none of these vehicles are BEVs. This is due to the bigger incentives in 

Sweden for PHEVs instead of BEVs (IEA, 2017b).  

In the table below, the reader can see the most important vehicle specifications. The vehicle capacity 

and the range are information available by the vehicle manufacturer (Mitsubishi, 2018; Kia, 2019; 

Volkswagen, 2019; Volvo, 2019). Since no information was given regarding charging powers or 

charging efficiency, the values seen before will be taken as correct and the same for every vehicle. 

With all vehicles being PHEVs, it is interesting to notice that their battery capacities are similar, ranging 

from 9.8kWh to 12 kWh. Despite this, the Volvo XC60 PHEV as a much lower range (29Km) 

compared to the other three vehicles (47-54 Km). 

Table 1: Distribution of PEV models available 

PEV Model ID 
Capacity 

[kWh] 

Charging 

Power 

[kW] 

Range 

[Km] 

Charging 

Efficiency 

Volkswagen Passat GTE 1 9.9 7 50 0.894 

Mitsubishi Outlander 

PHEV 
2 12 7 54 0.894 

Kia Optima PHEV 3 9.8 7 47 0.894 

Volvo XC60 PHEV 4 10.4 7 29 0.894 

4.3.5. Battery Degradation 

The modern EVs are still a new market, and consequently, in continuous change and improvement. 

The most crucial part of an EV, its battery, is no exception. Batteries for powering vehicles are still a 

luxury and consequently have very high prices. R&D is still scarce and the market not big enough for 

proper economies of scale. Prices have been hovering around 1000$ per kWh but have been 

decreasing. With the market growth and new research being released, prices are expected to decrease 

to around 100$ per kWh (Reid & Julve., 2016). 

Not only is the high price a negative consequence of a young market. The first modern EVs are just 

finishing their life-cycle in the past years, and research is still inconclusive regarding the durability of 

batteries. On top of this, companies are still holding to their research, with publicly available 

information being close to none.  
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Nevertheless, battery degradation is too important to leave behind in such a study, and so two different 

studied were analyzed, very similar in their goal. The first one, done by Tesla Motors, is an open source 

file, where Tesla vehicle owners can input for how long they own their vehicle, the model of the 

vehicle, and the remaining range when fully charged. The second study is similar, but instead of Tesla 

vehicles, this study is done for the Nissan Leaf and instead of remaining range, the information given 

is the remaining capacity in the batteries (Steinbuch, 2015). The data is then plotted, which the reader 

can see in the figures below.   

 

Figure 8: Battery degradation for Tesla models (Steinbuch, 2015) 

 

Figure 9: Behavior of Nissan Leaf (Steinbuch, 2015) 
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The results of this study, the plotted curves, were not made available. At a first look, one can already 

see that the batteries of the Tesla Models are more durable than the Nissan Leaf, but it is necessary to 

quantify this to input in the model. Since the curves equations were not made available, a careful 

inspection of the plots was done, resulting in the construction of the following table, where strategic 

number of cycles were seen against the remaining SoC.  

Table 2: Battery degradation behavior 

Tesla Motors Nissan Leaf 

Cycles Max SoC Cycles Max SoC 

0 1 0 1 

33 0.972 50 0.96 

66 0.965 100 0.945 

100 0.96 150 0.938 

150 0.955 200 0.932 

200 0.95 250 0.928 

300 0.945 300 0.926 

400 0.941 400 0.92 

500 0.939 500 0.916 

600 0.937 600 0.913 

700 0.935 700 0.91 

800 0.933 800 0.908 

900 0.931 900 0.906 

1000 0.93 1000 0.904 

>1000 0.93 >1000 0.904 

In order to construct the table, fifteen strategic points on the plot were seen, with fifteen points were 

taken from each plot, with more incidence at the left part of the graph, since it is seen that as the usage 

increases, the battery, although continuing to degrade, degrades at a lower rate. It is important to 

remember that even in the long-term analysis, the time analysis of this study is one year. Even in the 

V2G mode, no battery had more than 1000 cycles, so the curve was considered to be constant after 

this number.  

4.4. Algorithm 

When reading the previous chapters of this study, it seems some results are obvious, and that reality 

will certainly match expectations, such as in cost decreasing as the charging control increases, or a 

peak shifting if energy can be provided from the battery to the grid. Although this can be true to some 
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extent, it may not be in the full consideration of the work, and even when true, it is important to 

quantify and explain savings. With that in mind, a detailed model was developed in the 2017 academic 

version of Matlab. This model is composed of several Matlab functions, with the goal of quantifying 

potential cost savings of Smart Charging and V2G and to visualize the potential of peak shaving and 

load shifting in EV charging.  

4.4.1. Pre-processing 

In this section, all the auxiliary functions and data manipulation necessary for the calculations will be 

explained. Data regarding vehicle specifications, electricity prices and load consumption is input in the 

model through Microsoft Excel files. The data regarding the analysis environment is input through a 

text file.  

Before going any further, it is important to understand that the conditions of the study are very 

particular to the present conditions of Hammarby Sjöstad and Stockholm. For that reason, the text 

file allows easy updates on vehicle market share, its specifications and the number of vehicles or time 

duration of the analysis. All the model is flexible in order to allow to make different analysis with 

completely different requirements, regarding the vehicles or duration of the analysis. 

The function Data_Input is the first command used on this Matlab model. This function reads 

and formats a .txt file, which was manually written, containing all information regarding the type of 

study developed. All the information needed regarding the duration of the analysis and the type of 

vehicles comes from this file. The most important variables are the number of years/weeks/days 

analyzed, the sensitivity of the time steps (15min, 30min or 1h time steps), the total number of vehicles 

in the study and its distribution in terms of market share. 

The function price_generator receives as input a Microsoft Excel file, extracted directly from the 

NordPool website. This function reads the excel file and manipulates the data for the desired plugging 

times and timestep sensitivity. In this analysis, it is chosen that plug in happens at 6pm and plug out 

happens at 6am of the following day. The timestep defined as standard is the hourly one, due to the 

fact that the day-ahead prices are hourly detailed, and there would be no advantage of a more refined 

analysis, even more with the disadvantage of a slower running time. This function returns four tables, 

one for the hourly day-ahead prices of each season (fall, winter, spring and summer).  

The function vehicle_characteristics reads the Microsoft excel file previously mentioned with 

the important specifications of each vehicle. Here, an “ID” is assigned to each model, to match the 

function 1 file, vehicle range, charging efficiency, battery capacity and charging power are all put in a 

table, returning to the main Matlab model.  
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The last function, called Call_Load gets the 258 customers load from Hammarby Sjöstad and 

scales it down for one single building. The load is initially given as one vector for every hour of the 

year, and this function manipulates that data, returning a table which gives the load for each day, 

already adjusted for the desired plug in and plug out times. 

Lastly, in the pre-processing section of the algorithm, all variables are initiated, such as number of 

cycles, daily costs, total costs, total distances driven, amongst other necessary auxiliary variables. 

4.4.2. Processing 

After the necessary data is manipulated as necessary, the model transitions from the pre-processing 

phase to the actual processing of the data and calculation of the charging costs. Here, the three 

charging modes are analyzed separately. The reference mode charging is calculated with 

straightforward mathematics, while the Smart Charging and V2G making use of the Matlab linear 

programing tool linprog. 

4.4.2.1. Initialization 

In order to perform all the analysis in the same conditions, here they are defined for each day of the 

year. Cycles count the number of years, weeks and days of the analysis. For each year, the first 13 

weeks correspond to the winter prices, the second 13 weeks correspond to the spring prices and so 

on. Each day of the week, the specifications of the vehicle are updated, accounting for the battery 

degradation and distances driven, calculated for each day.  

4.4.2.2. Reference mode 

The Reference mode does not have any type of control. When the vehicle is plugged, the SoC of its 

battery is calculated followed by the total amount of energy necessary to fully charge the vehicle. It is 

considered that the vehicle charges at full charging power until it is full charged. For each timestep, 

the model verifies if the energy necessary to fully charge the vehicle is more or less than the maximum 

energy that the vehicle can charge during that timestep.   

In the case that the energy needed is more than the available during that timestep, the vehicle will 

charge at maximum power during that timestep. In case the energy needed is inferior to the total 

amount of energy that the vehicle can charge during the timestep, it will charge at maximum power 

for as long as needed. It is important to notice that the model will return a lower value for power. For 

example, the energy needed is only half of the total amount of energy available for charging in that 

timestep. The model will return that the vehicle charged at half of the maximum power for the full 

timestep. This can result in charging powers lower than the minimum allowed. Due to that, in this 

case it would then be considered that the vehicle charged at full power for half the timestep.  
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Figure 10: Reference mode schematics 

4.4.2.3. Smart Charging Mode 

The Smart Charging mode is not as straightforward as the Reference mode. Here, the same inputs are 

given to the model, but the calculation on how to charge is done completely different. The Smart 

Charging mode – and the V2G as well – will make use of the linprog tool from Matlab. 

The linprog tool is a linear programing tool in the Matlab system in which the user formulates a cost 

function for which it will calculate a minimum. In this model, the objective is to minimize the cost. 

The linprog works accordingly to the following formulation:  

min
𝑥

𝑓𝑇𝑥  𝑠𝑢𝑐ℎ 𝑡ℎ𝑎𝑡 {
𝐴. 𝑥 ≤ 𝑏,

𝐴𝑒𝑞 . 𝑥 = 𝑏𝑒𝑞,
𝑙𝑏 ≤ 𝑥  𝑢𝑏.

 

Where f,x,b,beq,lb, ub are vector, and A and Aeq are matrices (Mathworks, 2019). 

Once the linprog tool finds the optimal solution, it returns an array the size of the number of timesteps. 

In this array, the quantities of energy to draw from the energy to charge the vehicle are allocated to a 

certain slot. This optimal solution corresponds to the lowest possible cost to have a fully charged 

battery at 6am (plug out time). This array is then multiplied by the electricity prices to calculate the 

final charging cost for the day in euros (€). This price is then adjusted to account for taxes.  
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Figure 11: Smart Charging mode schematics 

4.4.2.4. V2G mode 

In this mode the charging works in a similar way as the Smart Charging mode. All the inputs are the 

same and the cost function for the linprog command is done the same. In the V2G mode there is the 

added premise that the vehicle can – if profitable – provide energy to the grid. This means that when 

defining the power constraints, the maximum power can stay the same, but the minimum power 

cannot be zero. Instead, the minimum power will be the symmetric of the maximum power for the 

battery to be able to discharge at the same rate as it charges.  

In order to make V2G work, on top of the possibility for the power to be negative, more constraints 

need to be added. The sum of all the power sold and bought needs to add up for a full charged battery 

at the plug out time (6am), the battery cannot discharge below a SoC of 0% and the cost still needs to 

be minimized. For each time the battery is charged or discharged, a battery cycle is counted.  

In a similar fashion to the Smart Charging mode, a vector is returned, which shows the value zero 

for when the vehicle is not being charged, and the power positive or negative showing that the vehicle 

is being charged or discharged respectively. Then this array is multiplied by the electricity prices array, 

resulting in the overall charging cost. It is important to notice that if selling energy, the price of selling 

is taken as the same as the price of buying the same amount of energy at the same time.  
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Figure 12: V2G mode schematics 

4.4.3. Post-processing 

At this point in the algorithm, charging costs for both the short-term analysis and the long-term 

analysis are known, but are just given as variables in the Matlab model. It is then necessary to filter 

this information and make it presentable.  

Firstly, a plot is done comparing the loads of March 24th with the prices of the same day. The day 

was chosen randomly, with the plot being constructed with the desire of comparing the peaks and 

valleys in load with the peaks and valleys in the electricity prices.  

4.4.3.1. Short-term analysis 

Here, one plot for each season was done, presenting the price curve, together with the curves of the 

three different charging modes. Each plot has then four different curves, the three referring to 

charging powers in one axis, and the electricity prices in another. As an example, for the winter, 

another plot was developed, where the charging loads were added to the building load. Here, 4 curves 

exist: One of the load without considering EV charging, and one for each of the Reference mode, 

Smart Charging mode and V2G mode added to the existing load. This plot has importance in 

visualizing the potential for peak shaving and load shifting of the different charging modes.  
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A table is also presented where the charging costs of the different vehicles in this analysis for the 

summer and winter days, for all three charging modes. The charging prices for the Reference mode 

are given in €, with the other modes being shown as a percentage of the reference value.  

4.4.3.2. Long-term analysis 

In this long-term analysis, battery degradation comes into play, and price comparisons throughout the 

year or the day lose relevance. The importance here is to quantify and analyze the overall costs 

throughout the year and the amount of battery usage for by V2G.  

In this analysis, no plots are visualized, but instead two bar charts. The first bar chart, called Cost 

Ratio presents the overall costs of charging the vehicles in comparison to the reference mode. It is 

similar to the table presented in the short-term analysis, but here, the prices of all the year are put 

together to understand how charging costs change over the full year. The second bar chart, called 

Charging cycles, presents the total number of cycles for each vehicle for each charging mode. Here 

is possible to see the overall effect of V2G on battery degradation through the addition of the overall 

number of cycles. It is also possible to compare the potential of V2G of the different vehicles.  

The overall charging costs for each charging mode is one absolute value. Nevertheless, battery 

degradation is taken into account here. For both battery degradation models used, the loss of battery 

capacity is calculated based on the total number of cycles the battery experienced throughout the year 

and the current battery prices per kWh.  This cost of loss of battery capacity is added to the charging 

costs in order to calculate the overall costs for the year. This is presented in a table, where, for the 

different vehicles it is shown the overall costs of all the charging modes for both the Tesla study and 

the Nissan study regarding battery degradation.   

  



Smart Charging of EV Batteries for Load Balancing Strategies  

 

44 

 

5. Results 

In this section, the results from the model are presented, as well as comments regarding the graph or 

table. The results are divided in two sections, the short- and long-term analysis. In the short-term 

analysis, results will show charging patterns for the different weather seasons, as well as varying prices 

for the different charging modes. In the long-term analysis, battery degradation will come into 

consideration, showing degradation over the year, and consequent impact in the overall costs. The 

reader will be able to observe graphs exported from Matlab.  

5.1. Short Term Analysis 

In this analysis, four days were analyzed separately, corresponding to the first Wednesday of each 

weather season in the year of 2016: 23 of March, 22 of June, 21 of September and 21 of December. 

These days represent different weather conditions, allowing a proper comparison amongst the weather 

patterns. There was a preference for choosing Wednesdays, being in the middle of the week, in order 

to replicate as much as possible the same driving patterns and work situations at different times of the 

year. 

5.1.1. Load / Price comparison 

In the figure below, the reader can observe a plot of the load and electricity price for the same day. As 

expected, there is a large correlation, and curves follow each other. This means that when the load is 

higher the price will be higher and vice versa. A lowest cost analysis then results not only in reduced 

charging costs, but also in peak load reductions.   
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Figure 13: Load and price comparison for the same day 

 

5.1.2. Charging profiles 

Given that price & load correlations were given as expected, an analysis was then done for the four 

considered days. In the following figures, the reader can see the charging behavior for the four 

different weathers. A detailed explanation is given for the case of winter, but all four behave in the 

same way.  

 

Figure 14: Spring Charging Profile VS Electricity Prices 
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Figure 15: Summer Charging Profile VS Electricity Prices 

 

Figure 16: Fall Charging Profile VS Electricity Prices 
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Figure 17: Winter Charging Profile VS Electricity Prices 

In figure 16, the reader can see the winter scenario. In a black line, the Day ahead prices are shown to 

be higher during the later afternoon and evening, and being the lowest during the night-time, reaching 

a low point at 2am for this case.  

The reference mode is shown in the red line. As expected, the charging is done as soon as the vehicle 

is plugged in, it charges fully, and then, when fully charged, the battery remains fully charged the whole 

night until being unplugged. The smart charging scenario is seen as dark blue. Here, the price profile 

is analyzed, and, as one can observe, the battery is kept empty (or at the same SoC as when plugged 

in) and waiting to charge at the lowest possible cost, starting around 1am.  Lastly, the V2G scenario 

takes advantage of the possibility of selling electricity to the grid, and, as the reader can see in light 

blue, the remaining electricity in the battery is provided to the grid at a high price in the afternoon, 

leaving the battery completely depleted to charge at lowest possible cost, which happens at the same 

time range as the smart charging scenario.  

In the following figure, it is observed the same winter day, but in this case, the charging loads are 

added to the pre-existing loads.  
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Figure 18: Winter – Charging loads added to existing load 

The purple curve, shows the pre-existing load from the 258 Hammarby customers, scaled down 

considering the electricity consumption per capita for Sweden for the year of 2016 (Swedish Energy 

Agency, 2015). These 258 customers had an average power consumption of 238kW. The average 

electricity usage is 13.8 MWh/year/household, which can be translated for an average power of 2.6kW 

per household throughout the year, with 15 households per building. Using a rule of 3, data was 

possible to be scaled down. In red, dark blue and light blue, the reader can see the reference mode, 

smart charging and V2G loads added to the pre-existing load respectively. It is very interesting to 

analyze this graph in detail.  

Firstly, it is important to notice that for the greater part of the day, the charging load is zero, so one 

can only see the purple line. Analyzing the graph since the plugging in of the vehicles, the reader can 

see that the reference mode increases the peak in about 52%, and the V2G decreases it around 18.3%. 

The load decrease for V2G is smaller than the load increase for the reference mode, since only a small 

fraction of the battery capacity is available at this time for the V2G. Smart Charging is not observed, 

since as seen before, it is zero at peak load. These numbers have to be seen carefully, since the data 

may not be exact.  

During the night-time, where the load is low, and the price is the lowest of the day, the reader cannot 

observe reference mode, since the vehicles would be charged already, but smart charging and V2G 

are at play here. It is seen that the numbers for V2G are higher than for smart charging. At first this 

might seem strange, but is important to notice that, on average, not all the electricity is used during 

the day in a vehicle. Hence, for smart charging, part of the battery will be charged, while V2G sold 

this electricity during the peak load, so it has more energy needs at this point. From here on, the 
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battery is full in all scenarios, and so the charging load is zero, with only the pre-existing load 

remaining. 

5.1.3. Single charging costs 

Table 3: Single charging costs in the Summer and Winter 

 Charging Mode 
Volkswagen 

Passat GTE 
Kia Optima 

Mitsubishi 

Outlander 

PHEV 

Volvo XC60 

PHEV 

Summer 

Reference Mode 0,343€ 0,428€ 0,390€ 0,536€ 

Smart Charging / 

Reference 
90% 77% 80% 92% 

V2G / Reference 89% 76% 79% 91% 

Winter 

Reference Mode 0,626€ 0,618€ 0,686€ 0,928€ 

Smart Charging / 

Reference 
61% 65% 62% 61% 

V2G / Reference 56% 55% 58% 61% 

The table above gives a summary the charging cost results for the short-term analysis. It shows the 

comparison of the Summer and Winter nights for the four vehicles and three charging modes. As 

expected, for both days, the reference mode is, for all vehicles, the most expensive mode, followed by 

smart charging, with V2G being the least expensive.  

It is interesting to notice that, although all four vehicles have similar battery sizes, the Volvo XC60 

PHEV is the most expensive to charge. This is a result of its lower range, which results in a more 

depleted battery at the when plugging the vehicle at the end of the day. This fact also results in lower 

V2G savings, since when the vehicle is plugged in with no energy, V2G capabilities are not feasible.  

One can also see that prices in winter are higher, which is expected, since higher load needs (heating) 

increase electricity prices, but one can also see that savings increase in the winter, which comes from 

the same reasons. Higher energy needs will increase the peak, so more expensive energy at peak load 

is needed. A reduction in this more expensive peak will result in greater savings. 
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5.2. Long term Analysis 

In this analysis, a full year was analyzed. Given the increased number of charging cycles, battery 

degradation is considered, especially in V2G, which increases the number of cycles. An analysis is 

done for the number of cycles over the year of 2016, and its impacts on battery degradation. Following 

that, the overall costs are calculated, with and without considering battery degradation, for both studies 

available.  

5.2.1. Charging costs ratio 

 

Figure 19: Ratio for the overall charging costs of the three charging scenarios 

In the above figure, the four vehicles were grouped, and the reader can see the ratio of the charging 

cost over the year of 2016, without considering battery degradation. As seen from the short-term 

analysis, the reference mode is the most expensive scenario. Although cost savings change due to 

different weather conditions, one can see that, overall, in the smart charging scenario, the charging 

costs would be 74% of the reference mode, and even more savings would occur with V2G, with this 

scenario only having 65% of the total cost of the reference mode.  
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5.2.2. Total number of cycles 

 

Figure 20: Number of cycles for different scenarios for the considered PEVs 

For the four vehicles considered, the figure above shows the total number of cycles achieved for the 

year. In blue, one can see the number of cycles for the reference mode, same as smart charging. Here 

it is important to remember that only 6 nights a week were analyzed, hence the number 318 instead 

of 365. In orange, the reader can see the number of cycles for the V2G scenario. These numbers are 

very similar and vary due to different price curves for different days, as well as different load demands. 

Once again, it is important to notice the disparity between the Volvo XC60 PHEV with the other 

vehicles. With a lower range, less energy can be used for V2G, hence the lower number of cycles.  
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5.2.3. Overall yearly charging costs 

Table 4: Overall yearly charging costs comparison 

 Volkswagen Passat / Kia Optima / 

Mitsubishi Outlander 
Volvo XC60 PHEV 

 No  

Degradation 

Tesla 

Study 
Leaf Study 

No  

Degradation 

Tesla 

Study 
Leaf Study 

Reference 168,53 € 202,18 € 229,28 € 239,15 € 272,79 € 290,55 € 

Smart Charging 124,72 € 158,36 € 185,46 € 176,97 € 210,61 € 228,37 € 

V2G 117,97 € 169,37 € 216,10 € 167,40 € 216,93 € 260,85 € 

Since the great disparity between the number of cycles between the first three vehicles considered and 

the Volvo XC60 PHEV, they are separated in the table above. An increased number of cycles results 

in an increased battery degradation, making this separation interesting in order to analyze the overall 

costs.  

The Volvo XC60 PHEV is seen to be more expensive to charge in all possibilities on the table. This 

is, as mentioned, due to a reduced range, which makes the battery to have less electricity when plugged 

in, and, therefore, a decreased contribution for V2G. 

Nevertheless, all vehicles behave the same with the different scenarios. Without battery degradation, 

V2G is the least expensive scenario and the reference mode is the most expensive. Battery degradation 

will result in a loss of economic value by the battery, which needs to be evaluated. For both studies, 

the increase in cost was so large that the V2G became more expensive than the Smart Charging 

scenario. This increase is larger for the “Leaf Study”, in which batteries degrade faster.  
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6. Conclusions 

Before making any remark regarding the conclusions drawn from this study, it is important for the 

reader to understand that these conclusions are not set in stone. Educated guesses were taken, and 

limited information with regards to battery degradation exists or is even made available. In addition, 

the PEVs are still new and new studies and developments from R&D will certainly result in more 

profitable situations and overall better solutions.  

The literature review with which this work started allowed to understand that PEVs have the potential 

to shift the energy mix of a country, and that even though they bring challenges to the grid, PEV 

batteries can provide extraordinary help. It was seen that batteries can – and should – be used for 

ancillary services, providing help for grid control. This results in reduction of energy losses, increased 

use of renewable energy and increased reliability of the grid, which, in consequence, allows a higher 

penetration of PEVs. 

6.1. Short-term analysis 

The long-term analysis is where one can find the information necessary to answer the research 

question proposed for this thesis. Nevertheless, the short-term analysis allows the user to evaluate if 

the model is working correctly. If the short-term analysis results are found correctly, one can then 

perform the long-term analysis. It was seen that the prices do follow the load, with spikes in the 

morning and the afternoon peaks. It was also observed in the previous sections that the different 

charging modes follow the path expected for them.  

During the winter, prices are higher due to a higher load demand, in comparison to the summer. It is 

interesting to notice that in the summer, load demand is more constant, the saving ratios of Smart 

Charging and V2G in comparison to the reference mode are lower than in the winter. This happens 

because of the reduction of the variable load from heating. In the winter, there is a large need for 

heating, with much higher peaks when people are home.  

One can then conclude that the peak shaving strategies work, achieving a smoother load, and a reduced 

peak for the V2G case. With that being said, it is important to take notice that another peak can be 

formed during night-time, in a large scale penetration of EVs, due to following the lowest possible 

prices.  
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6.2. Long-term analysis 

It is seen, as expected, that both charging modes where there is some degree of control show 

reductions in electricity costs for the charging. Reference mode is the most expensive charging mode, 

with prices experiencing reduction of almost one third when charging through the Smart Charging 

mode. The V2G mode shows similar reductions in prices with the reference mode, but only marginal 

costs compared to smart charging. This is due to the fact that the fleet is constituted of PHEVs, with 

small batteries compared to BEVs. With smaller batteries, V2G has a smaller impact, selling lower 

volumes of high priced electricity. The least amount of contribution to the grid of V2G, the lower is 

the difference between V2G charging and smart charging.  

Although there is a lower electricity cost associated with V2G, it is needed to account for the 

depreciation that the battery will observe throughout the year. These calculations show that, at the 

present state of affairs, the least expensive charging mode to be pursued is the Smart Charging. With 

batteries being still very expensive, the savings in electricity are offset by the degradation of the battery.  

It is important to notice, that although at an increased cost, V2G achieves a better load smoothing 

and peak shaving than smart charging. It might be interesting for a government to support the extra 

cost of V2G in order to reduce carbon intensive electricity consumption. If batteries experience the 

cost reductions that are expected, V2G has the potential to become economically attractive, especially 

if the degradation can be mitigated.  
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7. Future Work 

In a study like this, the output is greatly dependent on the input and the conclusions that were drawn 

from the developed model could change given a different set of initial conditions. The factors more 

susceptible to change the outcomes are the electricity prices volatility, the size of the EV batteries and 

its associated degradation. It was concluded that although promising, V2G is still not the lowest cost 

option for EV charging, although being the one which is able to decrease the peak load the most.  

This is not a static study. The current trend of events points in the direction of an increased importance 

of electricity storage and decrease in prices for PEV, specifically the batteries. This can result in a more 

constant price curve and less expensive battery degradation, hence, exactly for the same model in 

different points in time, results could be different. There is an urge then to improve this – and other 

– models in order to update potential changes.  

At such an early stage in the industry, batteries are still a constant target of R&D. Further studies must 

be done for larger and slower aging batteries, being for larger PHEVs, or with the inclusion in the 

study of BEVs, and possibly updating subsidies allocated for different PEVs. With further research, 

batteries are expected to be able to increase in capacity, degrade less, and be less expensive. This means 

that there will be more available energy and the degradation will be slower and affect less the V2G, 

but it will also be less expensive in terms of degradation, benefiting it even more. At some point in 

time, it is expected for V2G to be the least expensive scenario and it is important to quantify when 

and where. 

Even with substantial performance developments in batteries, it is a utopic idea that they will work 

perfectly. Batteries will continue to degrade, and different models, with different batteries will result 

in different costs of degradation. Quantifying how much of these costs are due to charging or 

discharging of the battery is important for a more reliable V2G cost profile. Having different cost 

profiles for different vehicles results in a need of revenue sharing, for the increased welfare to be 

evenly distributed, which requires legal and financial expertise.   

Although this was a study developed with the end goal of cost decrease, there are environmental 

motivations behind, and worries due to worldwide pollution increase. Since prices and load are 

correlated, peak load corresponds to higher prices which although not being an issue in this study, 

becomes worrisome at large EV penetration levels. In Sweden, most of the electricity produced is 

clean and renewable. Base and medium load are constituted of nuclear energy and RES. The peak load 

is the troubling issue, with diesel generators and other highly pollutant units.  With that in mind, it is 

then important if the existing plants for base and medium load can accommodate the increased load 

without the use of peak power plants. In that case, there would be no savings, but just a shifting of 

the problem from the evening to the night-time.  



Smart Charging of EV Batteries for Load Balancing Strategies  

 

56 

 

8. References 

Acha, S., Green, T. C. and Shah, N., 2010. “Effects of optimized plug-in hybrid vehicle charging 

strategies on electric distribution network losses,” Ieee Pes T&d 2010. doi: 10.1109/tdc.2010.5484397. 

ArcGIS, 2013. arcgis.com. Available at: 

https://www.arcgis.com/home/item.html?id=34e69daf9816437ab7429eb9ad7458f8. [ Last 

assessed: 20 May 2019] 

Business Culture, 2019. “Work life balance”. Business Culture. Available at: 

https://businessculture.org/northern-europe/sweden/work-life-balance/. [ Last assessed: 20 May 

2019] 

Camus, C., Silva, C., Farias, T. L. and Esteves, J., 2009. “Impact of Plug-in Hybrid Electric Vehicles 

in the Portuguese electric utility system,” 2009 International Conference on Power Engineering, Energy and 

Electrical Drives. doi: 10.1109/powereng.2009.4915184. 

Canfer, S., 2017. “UK Leaf battery State of Health vs Age at Feb 2017”. Available at: 

http://speakev.com  via Blog page of Maarten Steinbuch. [Last assessed: 29 December 2018] 

China Development Bank Capital, 2015. “Hammarby Sjöstad: An urban development case study of 

Hammarby Sjöstad in Sweden, Stockholm”.  

Clement-Nyns, K., Haesen, E. and Driesen, J., 2010. “The Impact of Charging Plug-In Hybrid 

Electric Vehicles on a Residential Distribution Grid,” IEEE Transactions on Power Systems, 25(1), pp. 

371–380. doi: 10.1109/tpwrs.2009.2036481. 

Der Pas, J. W. V., 2017. “Stockholm: implementing a public electric vehicle charging network 

(Sweden)” Eltis. Available at: http://www.eltis.org/discover/case-studies/stockholm-implementing-

public-electric-vehicle-charging-network-sweden. [ Last assessed: 19 May 2019] 

EAFO, 2016. “Electric Vehicle Market Share in Sweden”. European Alternative Fuels Observatory. 

Available at: https://www.eafo.eu/vehicle-statistics/m1 [Last assessed: 29 December 2018] 

Energy Sage, 2018. “Pros and cons of electric cars” EnergySage. Available at: 

https://www.energysage.com/electric-vehicles/101/pros-and-cons-electric-cars/. [Last assessed: 29 

December 2018] 

https://t.co/AZ8341lO0H
http://www.eltis.org/discover/case-studies/stockholm-implementing-public-electric-vehicle-charging-network-sweden
http://www.eltis.org/discover/case-studies/stockholm-implementing-public-electric-vehicle-charging-network-sweden
https://www.eafo.eu/vehicle-statistics/m1


Smart Charging of EV Batteries for Load Balancing Strategies  

 

57 

 

Ergon, 2015. “Benefits Of Electric Cars,” Ergon Energy. Available at: 

https://www.ergon.com.au/network/smarter-energy/electric-vehicles/benefits-of-electric-vehicles 

[Last assessed: 20 May 2019]~ 

Finn, P., Fitzpatrick, C. and Connolly, D., 2012. “Demand side management of electric car charging: 

Benefits for consumer and grid,” Energy, 42(1), pp. 358–363. doi: 10.1016/j.energy.2012.03.042. 

Foletta, N., 2010. Case Study, Hammarby Sjöstad. Stockholm, Sweden. ITDP Europe. 

FleetCarma, 2018. “The impact of growing electric vehicle adoption on electric utility grids.” 

Available: https://www.fleetcarma.com/impact-growing-electric-vehicle-adoption-electric-utility-

grids/. [ Last assessed: 19 May 2019] 

Ford, 2018. “Ford Motor Company Timeline” Ford Corporate. Available at: 

https://corporate.ford.com/history.html. [Last assessed: 29 December 2018] 

Galiveeti, H. R., Goswami, A. K. and Choudhury, N. B. D., 2018. “Impact of plug-in electric 

vehicles and distributed generation on reliability of distribution systems,” Engineering Science and 

Technology, an International Journal, 21(1), pp. 50–59. doi: 10.1016/j.jestch.2018.01.005. 

Google Earth 9.2.84.2., 2019. “Hammarby Sjöstad” 59º18’07’’N, 18º04’08’’E, elevation 4443m. 

Available: 

https://earth.google.com/web/@59.30739508,18.11161984,11.60484013a,4431.43906996d,35y,0h,0

t,0r [Last assessed: 20 May 2019] 

Heydt, G. T., 1983. “The Impact of Electric Vehicle Deployment on Load Management Strategies,” 

IEEE Power Engineering Review, PER-3(5), pp. 41–42. doi: 10.1109/mper.1983.5519161. 

IEA, 2011. “Technology Roadmap: Electric and Plug-in Hybrid Electric Vehicles”, IEA Technology 

Roadmaps. 

IEA, 2016. “IEA Energy Atlas” IEA Energy Atlas. Available at: 

http://energyatlas.iea.org/#!/tellmap/-1118783123/1. [Last assessed: 30 May 2019] 

IEA, 2017a. “ Renewables 2017. Analysis and forecasts to 2022: Executive Summary”, IEA Market 

Report Series.  

IEA, 2017b. “Global EV Outlook 2017: Two million and counting”, IEA Electric vehicles Initiative 

https://www.ergon.com.au/network/smarter-energy/electric-vehicles/benefits-of-electric-vehicles
https://earth.google.com/web/@59.30739508,18.11161984,11.60484013a,4431.43906996d,35y,0h,0t,0r
https://earth.google.com/web/@59.30739508,18.11161984,11.60484013a,4431.43906996d,35y,0h,0t,0r


Smart Charging of EV Batteries for Load Balancing Strategies  

 

58 

 

IEA, 2017c “Global Engagement: Sweden”. Available at: https://www.iea.org/countries/Sweden/. 

[Last assessed: 29 December 2018] 

IEA, 2018a. “World Energy Outlook 2018”, International Energy Agency 

IEA, 2018b: “Renewables 2018: Analysis and forecasts to 2023”, International Energy Agency 

IEA, 2018c. “Global EV Outlook 2018: Towards cross-modal electrification”, IEA Electric vehicles 

Initiative 

IEA,2018d. Sweden: Policies and Measures. Available at: 

https://www.iea.org/policiesandmeasures/pams/sweden/. [Last assessed: 29 December 2018] 

IEA, 2019. “TCEP: Energy storage” International Energy Agency. Available at: 

https://www.iea.org/tcep/energyintegration/energystorage/. [Last assessed: 23 May 2019] 

IEAHEV, n.d. “Sweden – Policies and Legislation: Electric Vehicle Implementing Agreement”. 

Available at: http://www.ieahev.org/by-country/sweden-policy-and-legislation/. [ Last assessed: 19 

May 2019] 

Kelly, L., Rowe, A. and Wild, P., 2009. “Analyzing the impacts of plug-in electric vehicles on 

distribution networks in British Columbia,” 2009 IEEE Electrical Power &amp; Energy Conference 

(EPEC). doi: 10.1109/epec.2009.5420904. 

Kempton, W. and Tomić, J., 2005. “Vehicle-to-grid power fundamentals: Calculating capacity and 

net revenue,” Journal of Power Sources, 144(1), pp. 268–279. doi: 10.1016/j.jpowsour.2004.12.025. 

Kester, J., Noel, L., Rubens, G. Z. D. and Sovacool, B. K. (2018) “Promoting Vehicle to Grid 

(V2G) in the Nordic region: Expert advice on policy mechanisms for accelerated diffusion,” Energy 

Policy, 116, pp. 422–432. doi: 10.1016/j.enpol.2018.02.024. 

Kia, 2019. “Optima SW PHEV - Performance híbrida de alto nível” Kia Portugal. Available at: 

https://kia.pt/modelos/optima-sw-phev/. [ Last assessed: 20 May 2019] 

Kinter-Meyer, M., Schneider, K., Pratt, R., n.d. ”Impacts assessment of Plug-in hybrid vehicles on 

electric utilities and regional U.S. power grids. Part 1: Technical Analysis”. Pacific Northwest National 

Laboratory 

Lee, H. and Lovellette, G., 2011. “Will Electric Cars Transform the U.S. Market?,” SSRN Electronic 

Journal. doi: 10.2139/ssrn.1927351.  



Smart Charging of EV Batteries for Load Balancing Strategies  

 

59 

 

Ma, Z., Callaway, D. and Hiskens, I., 2011. “Decentralized charging control for large populations of 

plug-in electric vehicles,” 49th IEEE Conference on Decision and Control (CDC). doi: 

10.1109/cdc.2010.5717547. 

Mathworks, 2019. “f” Solve linear programming problems - MATLAB. Available at: 

https://www.mathworks.com/help/optim/ug/linprog.html. 

McEachern, A., 2015. “Hybrids: What is the Difference Between Traditional and Plug-in?,” 

FleetCarma, 28 February. Available at: https://www.fleetcarma.com/hybrids-what-is-the-difference-

between-traditional-and-plug-in/. [Last assessed: 29 December 2018] 

Mitsubishi, 2018. “2018 Mitsubishi Outlander PHEV Charging Time &amp; Specs | Mitsubishi 

Motors” Mitsubishi Motors. Available at: https://www.mitsubishicars.com/outlander-

phev/2018/specifications. [ Last assessed: 20 May 2019] 

Morcos, M., Dillman, N. and Mersman, C., 2000. “Battery chargers for electric vehicles,” IEEE 

Power Engineering Review, 20(11). doi: 10.1109/39.883280. 

Mu, Y., Wu, J., Jenkins, N., Jia, H. and Wang, C., 2014. “A Spatial–Temporal model for grid impact 

analysis of plug-in electric vehicles,” Applied Energy, 114, pp. 456–465. doi: 

10.1016/j.apenergy.2013.10.006. 

Putrus, G., Suwanapingkarl, P., Johnston, D., Bentley, E. and Narayana, M., 2009. “Impact of 

electric vehicles on power distribution networks,” 2009 IEEE Vehicle Power and Propulsion Conference. 

doi: 10.1109/vppc.2009.5289760. 

Rahman, S. and Shrestha, G., 1993. “An investigation into the impact of electric vehicle load on the 

electric utility distribution system,” IEEE Transactions on Power Delivery, 8(2), pp. 591–597. doi: 

10.1109/61.216865. 

Reid, G., Julve, J., 2016. “Second Life-Batteries As Flexible Storage For Renewable Energies”. 

Buundesverband Erneuerbare Energie e.V. 

Santoshkumar, U. R. Y., 2015. ”Development of Wireless access Support for EV to Smart Meter 

Communication in Vehicle-to-Grid (V2G). International journal of Renewable Energy Research 

Sears, J., Roberts, D. and Glitman, K., 2014. “A comparison of electric vehicle Level 1 and Level 2 

charging efficiency,” 2014 IEEE Conference on Technologies for Sustainability (SusTech). doi: 

10.1109/sustech.2014.7046253. 

https://www.fleetcarma.com/hybrids-what-is-the-difference-between-traditional-and-plug-in/
https://www.fleetcarma.com/hybrids-what-is-the-difference-between-traditional-and-plug-in/


Smart Charging of EV Batteries for Load Balancing Strategies  

 

60 

 

Sierzchula, W., Bakker, S., Maat, K. and Wee, B. V., 2012. “The competitive environment of electric 

vehicles: An analysis of prototype and production models,” Environmental Innovation and Societal 

Transitions, 2, pp. 49–65. doi: 10.1016/j.eist.2012.01.004. 

Sioshansi, R., Fagiani, R. and Marano, V., 2010. “Cost and emissions impacts of plug-in hybrid 

vehicles on the Ohio power system,” Energy Policy, 38(11), pp. 6703–6712. doi: 

10.1016/j.enpol.2010.06.040. 

Sortomme, E., Hindi, M. M., Macpherson, S. D. J. and Venkata, S. S., 2011. “Coordinated Charging 

of Plug-In Hybrid Electric Vehicles to Minimize Distribution System Losses,” IEEE Transactions on 

Smart Grid, 2(1), pp. 198–205. doi: 10.1109/tsg.2010.2090913. 

Sortomme, E. and El-Sharkawi, M. A., 2011. “Optimal Charging Strategies for Unidirectional 

Vehicle-to-Grid,” IEEE Transactions on Smart Grid, 2(1), pp. 131–138. doi: 

10.1109/tsg.2010.2090910. 

Steinbuch, M., 2015. Tesla Model S battery degradation data. Automotive & Mobility, Steinbuch blog page. 

Available at: https://steinbuch.wordpress.com/2015/01/24/tesla-model-s-battery-degradation-

data/. [Last assessed: 19 May 2019] 

Stockholms Stad, 2011. Hammarby Sjöstad – a new city district with emphasis on water and ecology. 

Stockholms Stad Development Office.  

Stockholms Stad, 2014. “Roadmap for a fossil fuel-free Stockholm: 2050”.  Planning & Environment 

unit of the Environment and Health Administration in Stockholm 

Swedish Energy Agency, 2015. New regional energy statistics for single- or two-dwelling buildings. Available at: 
http://www.energimyndigheten.se/en/news/2011/new-regional-energy-statistics-for-single--or-
two-dwelling-buildings/. [Last assessed: 19 May 2019] 

Tomić, J. and Kempton, W., 2007. “Using fleets of electric-drive vehicles for grid support,” Journal of 

Power Sources, 168(2), pp. 459–468. doi: 10.1016/j.jpowsour.2007.03.010. 

Transport analysis, 2016. Vehicle mileage for Swedish-Registered Vehicles. Available at: 

https://www.trafa.se/en/road-traffic/driving-distances-with-swedish-registered-vehicles/. [Last 

assessed: 19 May 2019] 

Tutt, T. N., Hesters, M., Jaske, M. R., Bester, N., 1992. ”Demand Side Management of Electric 

Vehicle Loads”. California Energy Commission 



Smart Charging of EV Batteries for Load Balancing Strategies  

 

61 

 

Vandael, S., Claessens, B., Hommelberg, M., Holvoet, T. and Deconinck, G., 2013 “A Scalable 

Three-Step Approach for Demand Side Management of Plug-in Hybrid Vehicles,” IEEE 

Transactions on Smart Grid, 4(2), pp. 720–728. doi: 10.1109/tsg.2012.2213847. 

Volvo, 2019. “The Volvo XC60” Volvo XC60 2019. Available at: 

https://www.volvocars.com/uk/cars/new-models/xc60. [ Last assessed: 20 May 2019] 

Volkswagen, 2019. “Volkswagen Passat GTE: o híbrido plug-in que não conhece limites.” VW 

Passat GTE | Híbrido Plug-in | Volkswagen Portugal. Available at: 

https://www.volkswagen.pt/pt/automoveis-novos/automovel-hibrido-plug-in-vw-passat-gte.html. [ 

Last assessed: 20 May 2019] 

World Economic Forum, 2018. “Electric vehicles for Smarter Cities: The Future of Energy and 

Mobility”. In collaboration with Bain & Company 

Wu, F. and Sioshansi, R., 2017. “A two-stage stochastic optimization model for scheduling electric 

vehicle charging loads to relieve distribution-system constraints,” Transportation Research Part B: 

Methodological, 102, pp. 55–82. doi: 10.1016/j.trb.2017.05.002. 

 


