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Abstract
The current climate change targets have augmented the transition towards carbon-neutral
transportation systems. Hence, electric vehicles (EVs) are viewed as the most desirable
instruments to reduce the automobile industry’s dependence on fossil fuels as they can integrate
energy from clean sources for transportation. The electricity grid with a high penetration of
renewable energy can enable emission free travel using state-of-the-art EVs. The extensive EV
demands at peak times and increased household/workplace electricity use due to population
growth have led to higher utility infrastructure investments. Further, the adoption of the smart
power grid concept has seen EVs being explored as energy hubs since they can be connected to
the power grid with the implementation of the vehicle to grid (V2G) concept. EVs interacting with
the power grid based on scheduled demand requirements can have a significant impact on society.
Cars are parked 95 percent of the time; thus, with proper design and the correct infrastructure,
parked and plugged-in EVs might become mass power banks, stabilizing future electric grids. They
can also power households and integrate renewable energy with storage systems. However, the
successful implementation and widespread adoption of V2G presents a multi-faceted problem.
Through life cycle thinking, this study explores the potential opportunities and challenges of the
V2G technology and examines its technological, economic, and policy-based impacts.
Accordingly, this study proposes a comprehensive framework to plan and develop mobile energy
hubs considering the temporal variation of EV recharging demands. Using recharging
characteristics, life cycle costs travel behaviors, and geographic data as inputs to the model, the
proposed framework was applied to a city in British Columbia, Canada. The outcomes of this
research would be beneficial to governments, municipalities, electric utilities, and developers to
understand the dynamically changing scenario in transport electrification and make decisions on
climate change mitigation programs.
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Lay Summary
The study focused on assessing and planning bi-directional charging infrastructure for high-density
urban centers in future scenarios. The road transportation sector is one of the most significant
contributors to greenhouse gas emissions. Emission abatement is crucial in meeting local and
national climate action targets. Hence, the transition of the road transportation sector to electric
vehicles is imminent in the near future. Even though there has been significant progress in
technologies related to electric vehicles, the involvement of multiple stakeholder groups with
conflicting objectives has hindered electric vehicle adoption. Moreover, there are challenges faced
by electric utilities to balance the surge in loads due to electric vehicle charging. The study
integrated multi-criteria decision-making with life cycle thinking to plan clustered bi-directional
charging locations to tackle the aforementioned issues by incorporating stakeholder perspectives.
This research would help investors, electric utilities, and governments assess business cases and
develop policies for the future.
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Chapter 1: Introduction
Background
The rising concerns over climate change have garnered attention as a significant global issue
focusing mainly on anthropogenic greenhouse gas (GHG) emissions. Since the United Nations
Conference of the Parties (COP21) in Paris in 2015, countries have been setting forward ambitious
goals to reduce their GHG emissions drastically in the future years [1]. The Government of Canada
promised to reduce the GHGs by 80% in 2050 from 2007 levels [2]. The target is planned to be
achieved through strict emission control guidelines and regulatory measures in the transportation,
electricity, oil, gas, and building sectors.
In 2017, Canada contributed 722 Mt of CO2 eq to global emissions. The energy sector consisting
of stationary combustion sources (45%), transport (28%), and fugitive sources (8%) continue to
account for the majority of Canada’s emissions at 587 Mt [2]. This is mainly due to the use of
fossil fuels resulting in GHG emissions. Hence, there has been a growing impetus and global effort
to move towards alternative fuels, which would have long-term impacts to reduce emissions [3].
Transport electrification has been seen as a viable solution to reduce dependence on conventional
fossil fuel-based transportation and offset GHG emissions by using electricity generated from lowemission sources [4,5]. Governments and policymakers provide incentives for electric vehicle
(EV) owners and manufacturers to augment the transition. However, there are critical barriers to
mass adoption of EVs: high initial costs of ownership [6,7], limited driving range [8–10], lack of
accessible and available re-charging infrastructure [11,12]. Published literature revealed that the
dynamic impact on the grid due to the growing electric vehicle demands is not yet assessed deeply
for an urban community.
In recent literature, vehicle-to-grid (V2G) technologies have been introduced as an innovative
concept to mitigate the current limitations of existing grid infrastructure and enable vehicles to act
as small-scale electricity suppliers with inbuilt electricity storage facilities [13]. Combining V2G
with grid to vehicle charging (G2V) allows for bi-directional energy exchange at EV recharging
stations [14,15]. Considering the V2G concept, EVs could be used as a pooled mobile battery bank
to support the existing grid without compromising the driving experience or performance. EVs
aggregated together in parking lots and connected with smart bi-directional recharging units
(SBRUs) can be utilized as mobile energy hubs (MEHs). The wide-scale adoption of V2G will
1

need a systematic incentive scheme by the electric utility to pay EV owners for their services based
on the connection time [9,16,17].
Research gap
The study presented in this thesis arose from the need to manage the seamless integration of EVs
into society and assess strategies to deal with large-scale transport electrification based on vehiclegrid integration. Although studies have been undertaken to discover solutions to these challenges,
several knowledge gaps were identified through a comprehensive literature study.
Lack of life cycle thinking-based planning for recharging infrastructure allocation: Several
studies focus on the charging station allocation for electrified transport in the past years [18–24].
These studies mainly focused on reducing initial investments and maximizing coverage rather than
using demand-based models hence reducing the scope of their work. These studies are limited to
the economic impacts of the operational stage of infrastructure use. The framework does not
account for the life cycle costs and focuses only on the initial investment costs for a fixed charging
capacity. However, these technologies' actual costs and benefits can only be determined by
integrating a life cycle perspective into the evaluation, where impacts are assessed from raw
material extraction to end-of-life disposal [20]. Further, they do not provide a phased investment
plan based on capacity expansion depending on the increased uptake of EVs through the years
[25]. This knowledge gap would hinder the formulation of business models for infrastructure
investors [26,27].
Lack of research on the large-scale deployment of bi-directional charging systems: As countries
reach the end of their planned zero-emission vehicle (ZEV) mandates, the adoption rates for EVs
in society will also increase. Currently, the impact of EVs on the electricity grid is minimal due to
their minuscule proportion of loads. A comprehensive literature review revealed that studies are
focused only on unidirectional grid-to-vehicle (G2V) recharging infrastructure. It is widely
acknowledged that the increased penetration of EVs will significantly impact the grid
infrastructure [28]. Hence, controlled unidirectional and bidirectional charging would alleviate the
impact of charging demands on the existing electric grid since the maximum capacity of the grid
for peak-time energy use is limited. Most of the models have developed a planned electric vehiclerecharging infrastructure (EV-RI) network that provides optimal locations of recharging stations
without considering solutions to manage the charging loads.

2

Lack of holistic outlook towards impacts of increased EV penetration and managing their effects
on the electricity system: Life cycle assessment (LCA) and life cycle costing (LCC) provide a
comprehensive perspective of a process or product system's ecological and financial implications
[29]. Knowledge of critical economic characteristics, such as the investment cost of large-scale
grid integration systems such as mobile energy hubs (MEHs), is vital. Therefore, considering
social, economic, and technological impacts is essential for decision-making and defining business
models that would benefit all stakeholders [30,31]. Significantly since transport electrification
would change transit behaviors and there are several players involved in this shift.
Research motivation
Since the 1900s, the energy demands of the exponential rate of industrialization have been majorly
met using hydrocarbon-based sources of energy [1]. However, these sources of energy pose
significant risks to the environment and, consequently, human life. Further, they lead to the
depletion of fossil fuel resources and the release of greenhouse gases (GHGs), which cause
anthropogenic global warming [2]. To move towards a cleaner future and mitigate the effects of
climate change, there is a need to integrate renewables into daily life, particularly into the most
energy-intensive sectors [3]. Today, around 29% of the total energy usage and 25% of greenhouse
gas discharges in the world are related to the transport sector [4]. Hence, highly efficient, clean,
and safe transportation systems are a critical need of the hour. The increased funding has bolstered
the emphasis on research and development activities in recent decades [5].
Canada has been a leader in clean energy, with most provincial grid mixes relying on clean energy
power sources. Hence, there is vast potential for electrified transportation to mitigate GHG
emissions through wide-scale deployment. Currently, the penetration of electric vehicles into
society faces significant barriers such as accessible charging infrastructure, range anxiety, and high
ownership costs. However, with prudently planned demand/supply-side policies and ambitious
provincial mandates, the transition to EVs seems imminent in the near future. However, the largescale transition to EVs would significantly impact the electricity grid due to charging demands by
the consumers. Therefore, electric utility companies would have to make massive investments in
upgrading the existing grid infrastructure to meet the changing needs, especially if they coincide
with the summer or winter peaks.
Considering the aforementioned problem, the concept of vehicle-grid integration is expected to
play a significant role in negating this issue by providing services to the grid and managing the
3

charging of vehicles according to pre-defined schedules agreed between parties. However, due to
its novelty and the lack of knowledge amongst the stakeholders, the concept has not gained
traction. Further, the regulatory framework around vehicle-grid integration needs to show the
pathway forward and understand its full potential at the system level.
The widescale disposition of vehicle-to-grid use cases for developing business models targeting
utilities, aggregators, and EV owners is the need of the hour. Therefore, a scenario-based decision
support framework to plan the location of bidirectional recharging infrastructure would provide
relevant stakeholders an insight into this developing ecosystem. The framework incorporates lifecycle thinking by focusing on life-cycle costs for implementing the plan. It gives stakeholders the
confidence to invest in and develop these technologies. The research develops a bi-directional
charging plan for an urban center and indicates the investments needed to implement the
framework. The economic benefits for utilities through addition of storage capacity through using
EVs as DERs is also assessed.
Furthermore, the knowledge is valuable for policymakers in making judgments about these
technologies and regulations to reduce the carbon footprint of the transportation sector. Emerging
technologies that can replace established goods require incentives and government policy
assistance to be successful. The findings of the study also support the climate action goals of
governments and global accords.
Research objectives
This study aimed to investigate the feasibility of the vehicle to grid (V2G) concept and develop a
decision support framework based on life cycle thinking to plan mobile energy hubs for urban
communities. The specific objectives of the research are as follows:
1. Conduct a critical review of literature on EV recharging schemes, V2G technologies, and
their associated impacts on the stakeholders.
2. Develop potential future scenarios for MEH deployment in cities based on year-on-year
growth rates and costs.
3. Develop an EV uptake-based decision support framework for MEHs considering
established scenarios.
4. Evaluate stakeholders’ role for wide-scale adoption of bi-directional charging in urban
communities.
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1.4.1

Meta language

The terminology used to characterize the study goal is defined below.
Life cycle thinking: Life cycle thinking examines the ecological, economic, and social effects of
a commodity, operation, or service over its entire life cycle, from raw material production to endof-life disposal. The life cycle definition was used in the current research to measure the economic
life cycle impacts of MEH deployment.
Vehicle-to-grid: V2G refers to a system in which plug-in electric vehicles, such as battery electric
vehicles (BEV), plug-in hybrids (PHEV), or hydrogen fuel cell electric vehicles (FCEV), connect
with the power grid to offer demand response services by either returning electricity to the grid or
throttling their charging capacity.
Mobile energy hubs: An integrated facility consisting of a pooled electric vehicle parking location
that can handle bi-directional charging to balance peak loads and act as portable electricity storage
based on pre-defined demand schemes.
Demand-side management: Demand-side management (DSM) refers to the management practices
of implementing appropriate reward and instruction steps to increase terminal power-consuming
performance, adjust power-consuming modes, and reduce power usage and power demand to
satisfy the same power consumption functions.
Thesis organization
The thesis is divided into seven chapters. The chapters are organized around the following topics:
literature review, methodology, findings, and conclusions. A synopsis of each chapter is provided
below.
Chapter 1: Chapter 1 provides the overall introduction to the background of the study, research
gaps, research motivation, research objectives, including the deliverables, and the thesis
organization. Further, it provides information on the overall methodology and research phases,
followed by the study to achieve the research objectives.
Chapter 2: Chapter 2 provides the literature review of the study. The literature review includes an
overview of the need for transportation electrification, types of electric vehicles, bidirectional
charging schemes, benefits and barriers to grid integration, and the policy impacts to concerned
stakeholders.
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Chapter 3: Chapter 3 presents a life cycle thinking-based framework developed for capacity
planning of mobile energy hubs considering dynamic recharging demands, spatial variation in
investment costs, access distances, elapsed grid connection times, and parameter uncertainty.
Chapter 4: Chapter 4 presents a case study to locate the optimal MEH locations and capacities for
an urban center in British Columbia, Canada, based on the framework presented in Chapter 4. The
case study results were validated by using a scenario-based approach similar to the Taguchi
Orthogonal Array (TOA) method.
Chapter 5: Chapter 5 presents recommendations to deploy MEH facilities in urban communities,
considering the results from Chapter 3 and Chapter 4.
Chapter 6: Chapter 6 presents the conclusions derived from the study, recommendations,
originality of the study, and future research directions.
Figure 1-1 illustrates the relationship between the chapters and the research objectives attained in
each chapter. In addition, the key activities, research outputs, and deliverables are listed in the
respective chapters.

6

Objective 1

Introduction

Methodology

Chapter 1

Chapter 2

Overview of the need for vehicle-grid integration
Advantages and barriers to V2G integration
Policies supporting EV and V2G adoption

Objective 2

Chapter 3

Modelling EV demands based on uptake
and traffic data
Scenario development for V2G adoption

Capacity based optimization for MEH
planning

Bidirectional charger planning framework based
on stakeholders’ perspectives

Objective 3

Chapter 4

Preliminary site selection
Developed optimization model

Case study: framework applied to
the City of Kelowna

Life cycle cost analysis (LCCA)
Phased grid storage capacity
addition and investment plan

Objective 4

Chapter 5

Payback period assessment for the
developed framework
Cost savings through EV battery energy
storage

Role of stakeholders in accelerating bidirectional charging

Suggestions for effectual penetration of
MEHs

Conclusions and recommendations for
implementing deployment of MEHs

Chapter 6

Figure 1-1: Integration of objectives and thesis organization
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Methodology
The study's goal is to provide a framework for bi-directional charging infrastructure at aggregated
parking locations. This chapter outlines the general approach utilized in the study, whereas the
corresponding chapters give more thorough descriptions of the individual methodologies
employed in each step.
The research to meet the defined objectives has been carried out in stages. Figure 1-2 elucidates
the relationship between the research periods. Stage 1 consists of conducting a literature review
and data collection. Stage 2 of the research is creating a multi-objective optimization model to
identify ideal capacities and locations for future MEHs. Stage 3 consists of applying the developed
framework to an urban center to demonstrate the planning model's efficacy. Stage 4 of the research
involves providing stakeholders’ role for large-scale deployment based on Stage 2 and Stage 3.
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Stage 1: Literature review and data collection







Objective 1



Literature review
Need for transport electrification
Nexus between power generation and emobility
Existing charging standards
Batteries used in electrified transport
Requirement of vehicle-grid integration
Advantages and barriers to V2G integration
Existing policies supporting EV and V2G
adoption

Comprehensive literature review on transport
electrification

Data collection








Existing vehicle trip demands
Spatial data
Traffic Analysis Zones
Utility electricity rates
Equipment prices
Cost of civil work
Grid connection times
Database
development

Stage 2: Grid scale bidirectional charging infrastructure planning
Modelling EV demands






Objective 2



Municipal trip survey data
base
Regional EV growth factors
Forecasted societal EV uptake
Zone based EV trips
EVs as a percentage of ICEVs
Vehicle demand growth

Capacity based optimization for MEH
planning
Define objectives and control variables
Nominal model for location of MEHs
Identify uncertainties in the nominal
model
Nominal model for location of MEHs

Scenario development for V2G
adoption

Bidirectional charger planning
framework

Stage 3: Framework implementation and recommendations for deployment
Case study: City of Kelowna

Developed scenarios (Stage 2)
Optimization model (Stage 2)
Life cycle cost analysis (LCCA)

Recommendations for deployment
 Payback periods for the
developed framework (based on
Stage 2)
 Cost savings through grid scale EV
storage
 Role of stakeholders in increasing
adoption of the V2G and MEH
concept

Objective 3

Storage capacity addition
Suggestions for effectual penetration of
MEHs
Phased grid storage capacity
addition and investment plan

Objective 4

Preliminary site selection

Figure 1-2: Proposed Research Methodology
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1.6.1

Stage 1: Literature review and data collection

An extensive literature review was conducted to investigate the potential of using electric vehicles
for energy storage. In the review, the discussions were classified based on the areas addressed.
This review aimed at collecting and documenting knowledge to define the crucial factors
impacting the incorporation of EVs into the modern environment. The literature has been used to
analyze the current scenario and large-scale problems associated with V2G.
Keyword searches of subject-specific repositories were carried out to gather the appropriate
literature and data for the study. The keyword search is a widely used methodology is for review
articles [32,33]. Keyword combinations of the terms “vehicle to grid,” “distributed energy storage
systems,” “electric vehicles,” “demand-side management,” and “smart grid” were searched for in
“Science Direct” and “Compendex Engineering Village” databases. Since this research seeks to
review the recent articles, priority has been given to papers published after 2012. The frequency
of citing articles published in journals is represented by the journal’s impact factor and is used to
compare journals [30,31]. Hence, articles with high impact factors have high-quality literature for
undertaking the study. The search was limited by prioritizing publications in journals with a fiveyear impact factor of 2.5 (in October 2020) or more. The peer-reviewed journals referenced are
listed below.


Renewable and Sustainable Energy Reviews



Applied Energy



Journal of Cleaner Production



Energy



Energy Policy



Journal of Power Sources



Energy Conversion and Management

Besides those, research articles from IEEE transactions and reports published by government
agencies, credible NGOs, and think tanks were also reviewed. The detailed findings of the literature
review are presented in Chapter 3.

1.6.2

Stage 2: Grid-scale bidirectional charging infrastructure planning

This phase entailed developing MEHs for intricate urban road networks using a multi-period
infrastructure planning paradigm based on lifecycle thinking. This framework consists of a multiobjective optimization model to obtain the capacities and locations for potential MEHs based on
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dynamic charging demands and the perspectives of involved stakeholders. The multi-objective
optimization model accounted for the recharging access distances, life cycle cost, and grid connection
times. Later, the defined nominal optimization model accounted for inherent uncertainties in the
objective functions and was converted to a robust optimization model. The robust optimization model
with a specified robustness budget could account for any variations in the input variables—the detailed
methodology of the developed framework is provided in Chapter 3.

1.6.3

Stage 3: Framework implementation for deployment of MEHs

In this stage, the nominal and robust optimization models developed in Stage 2 were implemented
on a medium-scale urban city in British Columbia. The travel distances for existing traffic demands
were simulated using ArcGIS. Further, the life cycle thinking approach was used to assess economic
parameters, such as capital and operating expenditures, and provide investment plans for capacity
expansion based on electric vehicle adoption until 2050. The multi-attribute decision-making approach
accounted for the perspectives of the different stakeholders involved in the transport electrification
ecosystem. To demonstrate the model's efficacy, the results obtained from the robust optimization

model were compared with the results from the traditional scenario-based approach.
1.6.4

Stage 4: Role of stakeholders in deployment of MEHs

The results from Stage 2 and Stage 3 of the research were used to provide best management
practices to deploy MEH facilities in urban communities. The pay back period for the investments
based on the developed framework were assessed. These recommendations to reduce payback
periods and develop business cases through implementation of bi-directional charging are targeted
towards concerned stakeholders. This would help utilities design programs to reduce the peak
charging demands and alleviate the stress on the power grid in the future. Federal, provincial, and
local governments can formulate policies to meet stakeholders' expectations and augment the
smooth transition to electrified transport.
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Chapter 2: Literature Review
This research focuses on analyzing the technical aspects of EVs and grid integration based on
current policies and future directions. The objective of this chapter is to extensively review
electrified automobile systems, their impacts, recharging technologies, and strategies used to
balance the electricity grid are explored. Further, the review looks to identify the opportunities and
challenges provided by V2G based on the technological, economic, and policy impacts by
providing foresight into the current scenario and suggesting future strategies for effectual
penetration.
A journal article (Khardenavis, A., Hewage, K., Sadiq, R. (2021). Transport electrification and

vehicle-grid integration: A critical review.) has been prepared based on this chapter.
Growth of electric vehicles
The market share of EVs globally has been on the rise over the years and is expected to grow
further. The global electric vehicle fleet reached 7.2 million in 2019, up by 2.1 million from 2018.
This represents a 6% increase in EVs on the road. The People's Republic of China remains the
world's largest market for electric vehicles accounting for 47% of the total EVs [34]. EVs as a
percentage of new car sales in the U.S. grew to 2.5% in 2018 from 0.8% in 2013; the growth trend
has been higher in European countries such as Norway (56%) and Iceland (22%) [34].
Further, at the eighth Clean Energy Ministerial, participating nations announced targets to
collectively reach a 30% market share for EVs by 2030 [35,36]. However, despite these optimistic
trends and announcements, the overall penetration of electric mobility into societies has been slow
and has not followed the government-mandated targets over the years. EVs currently face
significant deterrents for large-scale uptake due to a lack of accessible charging infrastructure,
range anxiety, and expensive [37–39]. The availability and ease of access to the recharging
infrastructure are vital enablers towards the widespread commercialization of EVs [40]. EV
penetration is dependent on competitive capital costs, affordable utility tariffs, and social
awareness [41]. The truncated transition of the mobility sector to EVs has also been affected by
the global pandemic, reduction in the cost of gasoline, significant capital investments in EV
infrastructure for all stakeholders, and limited support from local, provincial, and federal
governments [37].
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Figure 2-1: Global EV stock (Data from [34])

Figure 2-2: EV market share in the IEA's Sustainable Development Scenario (Data from [42])
Managing large scale transport electrification
In 2019, the world EV fleet consumed an estimated 80 TWh of electricity and was expected to
grow manifold [8]. It is clear from Figure 2-1 and Figure 2-2 that electric mobility is proliferating,
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and the energy usage patterns will further change. According to IEA's stated policies scenario
(STEPS), EVs' charging demands are expected to see a six-fold rise by 2030. In comparison, the
sustainable development scenario (SDS) predicts the total demand to reach 1000 TWh by 2030.
As seen in Figure 2-3, a significant increase in unmanaged EV loads would result in power quality
degradation and, therefore, involve upgrading grid infrastructure. The rise in EV numbers will
require charging and electricity consumption regulations and the implementation of
comprehensive demand-side management practices [17]. The extensive electric demands due to
EV uptake and population growth are key challenges that require decision-makers' attention.

EV Electricity Consumption (TWh)
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2030 - Stated Policies
2030 - Sustainable
Scenario
Development Scenario

Figure 2-3: Global EV fleet electricity consumption (Data from [34])
In order to balance these large loads and meet electric demands, utilities are looking at newer
avenues for energy generation. Conventional power plants consuming petroleum products have
unusually poor efficiencies from source to end-users [43]. Further, they also release GHG
emissions that are harmful to the environment. Hence, ways to eliminate them are being explored
along with a transition to clean energy generation. Electricity from renewable energy sources has
higher efficiencies from generation to the grid [38,44]. However, the intermittent nature of
renewable energy sources (e.g., wind and solar power) adversely affects grid voltage and
regulation of frequencies [45,46]. Thus, the electricity grid needs to be redressed and regulated
[47–49].
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Impact of EV charging on the grid
The EV market is one of the fastest-growing technology sectors in the global economy. EV
projections state that they may have a market share amongst new sales of about 50% by 2030 [41].
The forthcoming disruptive innovations at the component and system levels have given a
significant impetus to rapid and unpredictable growth. The implications of the rapid growth on
electric utilities, customers, EV owners, service providers, and regulators are far-reaching. The
growth in EV demand will increase the charging loads drawn from the grid [50]. The grid will
conventionally need to increase the peak load generation capacity to manage the EV recharging
loads. The increased load would shorten the life of grid infrastructure, make the grid less efficient,
reduce grid stability, require more significant investments, and increase emissions. However, with
the up-gradation of the existing grid to a smart grid, EVs can be bi-directionally charged, and EV
batteries could provide a wide range of services [51]. Electric utilities can use novel prediction,
control, communication techniques, and tariff and incentive strategies to mitigate the problems.
Based on devised EV load anticipation strategies, utilities can accommodate the load at low costs
and benefit from vehicle-grid integration. The load balancing can improve energy security, extend
the useful life of the grid infrastructure, and allow for ancillary services [52].
Based on existing studies [53,54], it has been seen that in 2030 with 23 % market penetration in
California; without controlled charging, the peak load will increase by 11.14%, while with
intelligent charging, the peak load would increase by 1.33%. Hence, smart charging with vehicle
to grid integration would be essential to manage the loads in the future.
Bi-directional recharging infrastructure
Literature shows that EVs can be used as a part of the grid-electricity distribution network to store
and distribute electricity from the vehicle battery [55][56], which allows the use of vehicle-to-grid
techniques [57]; [58]. This will create a bi-directional electricity flow from the vehicle to the grid
(V2G), grid-to-vehicle (G2V), and the current transmission to the grid can smoothen the electricity
peak to reduce the electricity peak long-term infrastructure investments.
Moreover, monitored and controlled use of V2G technology will,


Avoid charging at peak tariffs and times of high demand.
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Provide extra battery storage capacity for energy generated using on-site renewable energy
sources such as solar photovoltaics and wind.



Provide a platform to reduce peak electricity demands [57].

These bidirectional charging units can be defined as Smart Bidirectional Recharging Systems
(SBRS), which is considered a hybrid version of V2G and G2V systems. The electricity generated
from the primary power plants and other renewable power plants is released to the central grid
network, which supplies electricity to domestic, commercial, and public EV recharging facilities
via G2V recharging systems. The V2G infrastructure is also embedded with the existing
recharging facilities, which can balance the peak loads of the grid. These systems need to be
capable of handling the following tasks to be used as an SBRS.


Automatic recharging when the electricity demand of the grid is lower than a pre-defined
value known as "valley filling" (G2V).



Act as external electricity storage (battery) and transmit electricity to the grid automatically
when the electricity demand of the grid is higher than a pre-defined value, which is known
as "peak-shaving" (V2G).



Net metering the net electricity transfer throughout a single recharging cycle.



Control and manage the vehicle battery temperature within an acceptable level.
Grid integration

The development and adoption of the smart grid by utilities presents a plausible solution to the
issues mentioned above [12]. It allows EVs to trade energy with the power grids and provides
services to the grid. Such EVs that are capable of interacting with the grid are classified as gridable
EVs (GEVs); these include battery electric vehicles (BEVs) and plug-in hybrid electric vehicles
(PHEVs) [7]. GEVs will serve as distributed energy storage systems and transfer electricity to the
grid using a bidirectional charger to provide network services as demanded [38]. Further, they can
also be used for the storage of energy from renewable energy generation sources. EV owners would
also benefit from the rewards based on their agreements with the utilities attracting vehicle buyers.
Given the charging-discharging capacities of GEVs and the energy-efficient power grid
specifications, the idea of grid integration has recently become increasingly alluring and may
become a reality in the near future [59,60]. Vehicle-to-grid (V2G) empowers GEVs to stand in as
a mode of transit and function as controllable loads and distributed power grid outlets. GEVs will,
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therefore, play a significant role in the home grid and also in the distribution grid during their
charge and discharge cycle [38,61].
With technological advances and subsidies, the costs of EV ownership are expected to decline in
the future [34]. Using an extensive EV network, the implementation of the V2G concept can lead
to the creation of mobile energy hubs, which are stations of clustered EVs parked in dedicated
locations with the capability to store and release energy to the grid during peak times and recharge
the vehicles at the off-peak time. The development of mobile energy hubs would be a fascinating
solution that would reduce the need for utility infrastructure investments in the long run [59,62].
Mobile Energy Hub (MEH) planning for demand-side management
The power sector transition towards smart grids equips the existing power grid with new
functionalities and capabilities. Smart grids allow different entities to interact bi-directionally,
allowing for the transfer of electricity to and from the grid, thus empowering the consumer [63,64].
Mobile Energy Hub (MEH) facilities are clustered EVs parked in a pre-appointed location with
SBRUs and EV aggregators, which can be used to smartly charge, store, and discharge electricity
depending on the requirements of the grid and for economic benefits. The MEHs implement the
V2G concept, which utilizes energy from EVs to help the energy infrastructure effectively. With
the batteries on board, the EVs provide energy during the discharging phase; however, this could
only be accomplished with a bi-directional V2G implementation. The load profile can be flattened
by peak load shaving, while the valleys in the load profile can be filled using EV load by load
leveling [14,65]. The EV owners are given incentivized rates for charging during off-peak times.
Throughout the day, the grid is required to provide peak power only for a short period; hence,
meeting the load demand from distribution sources such as EVs is economical for the utility [38].
The utility might need to meet the peak load demand by using diesel generators which increases
the operation cost and emission [61,66,67]. Further, V2G would reduce the stress on the
components of the system, while EV owners will be paid for their service at a premium rate
[68,69].
Furthermore, renewable sources such as wind and solar are not dispatchable, and the generation
profiles cannot be altered to coincide with consumer demands. The generation of energy from
these intermittent sources cannot be forecasted due to the limited predictability. The magnitude of
electricity generated varies with time, location and is determined by nature rather than defined
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directives [70,71]. Hence to overcome these issues, it is necessary to allow load flexibility using
large-scale energy storage. The use of EVs as distributed energy storage systems eliminates energy
conversion into another form for storage and can be integrated into the grid for demand-side
management.
According to the literature review, the deployment of MEHs in an urban context has not been
comprehensively investigated yet. The planning of MEHs using dynamic EV demands will
enhance the infrastructure utilization, reduces the payback, and ensure a beneficial impact for the
smart grid. Therefore, the allocation of MEH facilities needs to be decided using a scientific-based
approach. The planning framework should account for the costs associated with the life-cycle of
the development strategy. These MEH facilities need to be used in a smart way to balance the peak
loads and as backup energy storage for ancillary services [72]. Therefore, the planning factors
related to the infrastructure location, electric installation, traffic and travel impacts, and dynamic
demands should be utilized to develop the infrastructure network. The development of the above
strategies can help meet the growing EV demand and sustain electrified transportation in the years
ahead. This would also help offset the environmental and economic impacts of currently existing
fossil fuel-based transportation.
Types of electric vehicles
Currently, four significant forms of electric cars are in service around the world as shown in Figure
2-4 [73]. These are hybrid electric vehicles (HEVs), plug-in hybrid electric vehicles (PHEVs), fuel
cell electric vehicles (FCEVs), and battery electric vehicles (BEVs). The significant difference
between these vehicles is that the battery aboard the PHEVs and BEVs can be charged externally,
requiring an external charging system. Whereas the FCEVs use energy stored as hydrogen to be
converted to electricity by the fuel cell, the engine recharges the battery for HEVs during operation
[7]. Hence, FCEVs and HEVs do not require any external charging systems.
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Electric Vehicles

Hybrid Electric Vehicles
(HEVs)

Plug-in Hybrid Electric
Vehicles (PHEVs)

Battery Electric
Vehicles (BEVs)

Fuel Cell Electric
Vehicles (FCEVs)

Figure 2-4: Classification of electric vehicles
2.7.1

Hybrid Electric Vehicles (HEVs)

HEV is a crossbreed vehicle that incorporates two sources to establish the driving energy. The two
power providers are an internal combustion engine (ICE) and an electric motor. The system is
rendered because the low-efficiency gasoline engine is used in tandem with a battery to drive the
electric motor [74]. A primary component of HEVs is the electric motor and generator system,
which (a) produces electrical power when used as a generator to charge the battery and to start the
engine of the vehicle when necessary, and (b) when used as a motor, by turning the wheels of the
vehicle [75,76]. The majority of the HEVs maintain a steady charge level during operation, and
the continuous charging process is carried out by the onboard generator or via regenerative
braking. HEVs are commonly seen in operation due to their high reliability and low operating costs
[77].
During the electric phase of operation, the motor utilizes power from the onboard batteries and
provides traction to the vehicle during start-up and low speeds. The advantage of an electric motor
is that it offers high torque during starting [78]. During high-speed operations or when the onboard
batteries are charged, the conventional engine is engaged [7]. This operating strategy allows the
variation of vehicle activity as it enables the use of the ICE only at high efficiencies; it also allows
the reduction of idling emissions as the vehicle is turned off at traffic stops. Whenever the engine
is turned off, the battery pack meets the energy requirements of the vehicle system. HEVs do not
require charging from an external source; hence the battery cannot be connected to the electricity
grid [79].
2.7.2

Plug-in hybrid electric vehicles (PHEVs)

PHEVs also have both a conventional gasoline-powered engine and a battery pack to provide the
driving force. PHEVs are characterized as HEVs with a battery storage system of 3 kWh or more
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and a method for energizing the battery from an outside source with a driving potential of 16 km
in electrically driven mode [80]. These vehicles can run on non-renewable energy sources and
electricity or a mix of both, which results in a wide variety of benefits such as decreased reliance
on oil, expanded mileage, lower greenhouse gas outflows, and vehicle-to-grid (V2G) integration
[81]. PHEVs can be much more effective over HEVs since a limited utilization of the conventional
engine would enable the ICE to be utilized considerably nearer to its pinnacle efficiencies by
working just at high speeds [78].
In PHEVs, the conventional onboard engine is not used to charge the batteries; instead, these
vehicles are charged by using an external power source via the network connection. The battery
pack can be energized entirely when connected to a standard electrical outlet. Investigations have
discovered that PHEVs radiate less GHG emissions during their whole fuel cycle than traditional
gasoline cars [31]. As a correlation with HEVs, PHEVs can give a reduction of 25–55 percent in
NOx, a decrease of 35–65 percent in ozone-depleting substances, and a decrease of 40–80 percent
in fuel use [78]. In cases where energy is generated from a mix of renewables, greenhouse gas
emissions from PHEVs would be close to zero [44].
Further, their uptake can be maximized as they can travel longer ranges between charging times.
PHEVs may minimize the impact of pollution on the transport sector, given that grid electricity is
essentially a cleaner source of fuel than gasoline or diesel [82]. Their market adoption ought to be
combined with zero emission electricity generation systems to receive complete ecological
rewards.
2.7.3

Battery electric vehicles (BEVs)

BEVs are powered by an electric or traction motor. Hence, there is no provision to use conventional
fuels onboard. The batteries provide electricity and, at times using capacitors or flywheels. Home
power outlets or plug-in charging stations are used to charge the batteries of the BEV. However,
the potential for emission reduction is significantly higher than that of PHEVs [83,84]. The
emissions depend on (a) efficiency of operation and (b) emission intensity of the grid in the region
where the vehicle operates.
Besides the potential advantage of reduced GHG emissions, BEVs also display certain favorable
execution circumstances contrasted with traditional fuel vehicles [85,86]. These points of interest
are the consequence of their implicit high-capacity batteries. Such batteries drive electric motors
with naturally higher torque during low vehicle speeds than conventional gasoline engines; hence
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BEVs are much faster and have a high acceleration from rest. With greater emphasis on advanced
battery research, recently manufactured BEVs have better performance than older vehicles. Newer
models of BEVs have demonstrated longer ranges due to the increased size of the battery packs.
These batteries have a greater charging capacity and provide current at much faster rates; this
enables BEVs to travel longer ranges at higher speeds [7].
2.7.4

Fuel cell electric vehicles (FCEVs)

FCEVs are powered by a propulsion system similar to that of BEVs. However, instead of using
the electricity stored in the battery to power the electric drive train, they use stored hydrogen to
produce electricity [87]. They are more efficient than conventional internal combustion engines as
they generate no tailpipe emissions, emitting only water vapor and warm air as a by-product [88].
FCEVs are fueled with pure hydrogen stored in a tank on the vehicle, similar to gasoline being
stored on a conventional internal combustion engine vehicle [89]. Further, an onboard battery
provides additional power and is used for regenerative braking. The life cycle emissions from an
FCEV are entirely dependent on the process of hydrogen production (green hydrogen, blue
hydrogen, or grey hydrogen) [79,80].
In literature, research related to grid integration is often correlated and exclusively linked to BEVs
mainly because the penetration of FCEVs into the market has been slow [90]. However, many
medium-duty and heavy-duty vehicle manufacturers are commercializing FCEVs. The FCEVs
have significant advantages over BEVs as they can be refueled faster and have longer driving
ranges (around 500km) [91]. The concerns around the cost and transportation of hydrogen still
serve as barriers to their large-scale adoption [92]. The use of FCEVs in V2G mode has been
assessed based on theoretical assumptions but has not been experimentally tested widely [93–96].
There are a few studies that have developed small scale pilot projects to examine the use of FCEVs
as a power source for houses, where results have shown that FCEVs being utilized in V2G mode
can reduce annual electricity costs drastically and can aid in achieving a net-zero energy target
[87–89].
Batteries in electrified transport
Batteries are an essential component of the electric vehicle supply chain. Therefore, efforts in R&D
have focussed on reducing their costs and improving their capacity and life. Currently, battery
prices are very high to be competitive, and there is a considerable amount of uncertainty around
actual and planned forecasts, which differ greatly depending on end-user applications [97]. Cost
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savings would most likely come from refining material properties to achieve higher energy density
and large-scale production. The firm hopes for future cost savings stem primarily from the promise
of lithium-ion (Li-ion) batteries as the leading chemistry for EVs [98]. Li-ion batteries have
outperformed other developments in terms of both specific energy and power. Their energy density
is three times that of nickel-metal hydride (Ni-MH) systems [7].
Nonetheless, their overall performance depends on advancements in the efficient pairing of Li-ion
cells with robust battery systems for automobiles and lower manufacturing costs in general. On
the other hand, other promising developments are the priority of existing research activities and
may offer beneficial alternatives. Advances in battery technology could be able to alleviate the
technological bottleneck that EVs present [8].
Traditionally, ICEVs use lead-acid (Pb-acid) batteries to meet their additional power needs and
are a proven technology for decades. However, due to their low specific capacity, these batteries
are limited to applications that require only short distances between recharges. Nickel-cadmium
(Ni-Cd) batteries have been used effectively for decades but have been banned due to their
materials' toxicity [99]. Nickel Metal Hydride (Ni-MH) batteries are currently used in electric and
non-plug-in vehicles with success. However, higher specific energy is needed for PHEVs'
applications, and hence this technology will most likely be surpassed by Li-ion batteries. [98].
Because of the need for high energy efficiency in EV systems, lithium-ion batteries are a priority
technology. Higher density means material advantages in battery output and the prospect of
achieving longer car travel ranges, potentially resulting in cost savings. However, several
difficulties exist in achieving optimum safety standards and enhancing battery life. [100].
Furthermore, using advanced materials with higher voltages and higher power in the cathode and
anode, enhancing separator thinness, and creating innovative electrolyte additives will support Liion batteries. These technical developments, combined with increased demand, are expected to
drastically reduce Li-ion batteries' costs [101].
The vehicle-to-grid concept
Transport electrification is perceived to be the most convenient solution with considerable
potential to minimize energy dependency on fossil fuels in the transportation sector [102,103], to
meet environmental objectives [104–106], to ensure the seamless introduction of renewable energy
sources for power generation [38,106,107], to increase energy use efficiency [106–108], develop
clean urban transport [106–108] and support the electricity grid within a smart grid environment
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[109–111]. Since it is widely accepted that unmanaged EV charging would not be a long-term
option, implementing the smart metering framework allows for the successful integration of EV
charging mechanisms. The use of EV batteries for auxiliary services is still a developing
technology and is often overlooked. This concept still remains relatively unfamiliar [15,112].
However, with increased EV adoption, there would be knowledge dissemination, and EV batteries
will be used to power the electric motor and storage of energy.
2.9.1

Smart charging schemes

Currently, there are specific identified schemes and concepts for the management of EV charging.
These vary from quickly turning on and off charging, to unidirectional vehicle control (V1G)
[113,114] allowing the charging rate to be increased or reduced, to technologically demanding
two-way vehicle-to-grid (V2G) [115–117], empowering the EV to have grid services in the
discharge phase. Further, vehicle-to-load (V2L) constitutes an individual EV battery serving as an
energy source to a load and can provide emergency back-up to critical equipment in case of a
power outage. In addition, vehicle-to-home (V2H) [38,61,118] and vehicle-to-building (V2B)
[3,119] are two-way charging schemes where EVs are used as a residential backup power source
during times of power loss or to maximize on-site self-consumption of energy generated (demand
charge-avoidance). The types of smart charging methods are shown in Figure 2-5.
As the market share of electric vehicles has grown, policymakers, utilities, and grid operators have
begun to explore vehicle charging systems to seamlessly integrate electric vehicle loads into the
grid [120]. Various methods have been proposed to move car charging to periods of low demand
and increased grid effects, particularly on low-voltage service systems [46,121]. Vehicle-grid
integration (VGI) refers to integrating the electrical power distribution network with the
transportation infrastructure in ways that benefit both. Plug-in electric vehicles (PEVs) can be
employed as dynamic electrical loads managed or steered by time-of-use energy pricing,
participation in energy markets, or utility-managed charging via VGI. Plug-in hybrids (PHEVs),
battery electric vehicles (BEVs), and fuel cell electric cars are all examples of PEVs (FCEVs)
[39,88,122].
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Figure 2-5: Types of smart charging methods
Intelligent charging with VGI technology is one method of dealing with EV loads. This is
accomplished by establishing a two-way contact channel between the grid and the connected EV
load. EV charging is handled either by owners reacting to demand signals, by EVSEs' automatic
replies to control signals reacting to grid and market circumstances or by combining the two while
satisfying customers' requests for car availability. This entails altering such charging durations in
time or modifying power in response to constraints (e.g., consumer requirements, local energy
output in real-time). EVs, when appropriately charged, may not only avoid contributing stress to
the local grid but also provide services to address flexibility shortages on both the local and system
levels [46,123]. As a result, numerous experts believe that vehicle-to-grid (V2G) capability—with
electric vehicles acting as batteries and bi-directional energy flows—is the next natural step in
integrating electric vehicles into the power system [124–126].
Since the majority of cars are parked in locations such as offices, malls, and more recently, homes
95 % of the time in a day [123], these cars can be used as sources of energy to interact with the
grid utilizing the V2G technology. V2G as shown in Figure 2-6 is alluded to as the interfacing
amongst the electric vehicle and electricity grid controlled by the communication framework
incorporated due to the smart grid. The EV aggregator manages the power stream between the EV
battery and the electricity grid to achieve the ideal advantages. The targets of the utility for
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implementation of V2G are to boost profits, decrease emissions and enhance the quality of the
electricity mix [66].

Figure 2-6: Schematic of the V2G Concept
Unidirectional V2G, also termed as V1G, is a system that controls the charging pace of the EV
battery in a solitary power supply between the EV and the utility [114,127]. V1G may include
ancillary facilities to the power grid; this will increase the adaptability of operations [126,128].
The usage of V1G requires the presence of an appealing power exchanging strategy amongst the
EV proprietors and the power distribution company [84,114,127]. To garner the support of electric
vehicle proprietors, this exchanging strategy must ensure incomes to the EV proprietors when they
charge their cars through off-peak hours [117,129,130]. Simultaneously, the power utility can
abstain from over-burdening during peak hours. In expansion, unidirectional V1G can accomplish
the augmentation of benefits and reduce emissions by improving operating strategy [131]. The
comparison between V1G and V2G based on their attributes is shown in Table 2-1
Table 2-1: Comparison between V1G and V2G
Attribute

Smart Charging (V1G)

Type:

Controlled uni-directional Bi-directional charging allowing
charging.

Availability:

energy exchange.

Anytime the vehicle is Anytime the vehicle is plugged in
charging (~2 hrs per day).

Peak savings:

Vehicle to Grid (V2G)

Diversified
savings

is

peak

(12+ hrs per day).

load The actual power level depends

diminished on the approach. However, there

because EVs do not charge is a higher potential due to the
greater availability of resources.
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Attribute

Smart Charging (V1G)

Vehicle to Grid (V2G)

at the same time every
night.
Storage:

Vehicle batteries cannot be Batteries can be used for the
used to store. Energy flow storage of intermittent energy
into the battery can be generated from renewable power
controlled.

Grid services:

EVs

can

sources.
serve

as Allows the utility or transmission

controllable loads and help system provider to buy electricity
offset the peak electricity from consumers or use battery
demands on the grid.

power

to

provide

ancillary

services.
Bidirectional V2G allows a two-way source of electricity transfer between the EV and the power
grid to accomplish various advantages [66]. A bidirectional EV battery adapter consists of an AC
/ DC converter and a DC / AC converter [132,133]. The AC / DC converter changes the AC power
from the electricity grid to the DC supply during the charging process of the EV and transfers the
DC capacity to the AC supply before induction back into the electricity grid during discharge
[48,134]. The services offered by EVs through V2G are shown in Table 2-2.
Table 2-2: Services provided by EVs with V2G integration [123]
System Flexibility
Wholesale Market

Local Flexibility

Transmission

Distribution System

System Operator

Operator

- Peak-shaving

-Frequency control

- Voltage control

- Portfolio balancing

- Ancillary services - Capacity management consumption
(e.g.,

voltage

Behind-the-meter
- Renewable energy
-

Energy

management,

between

emergency power)

produced

markets
locally
and

grid

electricity
- Backup power
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2.9.2

Standards for grid integration

The rapid progress of the EV industry has led to new avenues in the transportation and electric
power sectors. However, the synergistic operation of the EV ecosystem requires standardized and
uniform regulations across the world. Currently, several regulatory bodies worldwide direct
different aspects of EVs mainly relating to EV charging components, grid integration, and safety
[51]. The International Organization for Standardization (ISO) standardizes EVs as a whole; while
the others, such as the International Electro-technical Commission (IEC, Britain), Society of
Automotive Engineers (SAE, United States), and Japan Electric Vehicle Association (JEVA,
Japan) work on defining component level specifications [135].
The grid interconnection standards manage EV charging and discharging events, where EVs act
as distributed storage systems. The Institute of Electrical and Electronics Engineers (IEEE) and
Underwriters’ Laboratories (UL) are the two major regulatory agencies that define grid integration
and management standards. The IEEE1547 is a grid integration standard applicable for all
distributed energy resource (DER) technologies having a maximum capacity of 10MVA and
covers requirements for the performance, operation, and testing of DERs. At the same time, the
UL standards provide guidelines for power conversion equipment and their protection device
specifications applicable for the connection of DERs [51].
Several countries worldwide follow different charging standards of safety, EV charging, and grid
integration leading to conflict [136]. The main difference between the standards lies in the ports
and connectors. EV and charging original equipment manufacturers (OEMs) are looking to
develop a standard charging connector applicable around the world to harmonize EV charging.
This has been seen with the Combined Charging System (CCS), which allows for AC and DC
charging and provides cross-functional capability with other standards [123].
Benefits of vehicle-to-grid integration
The V2G technology offers several advantages for all the stakeholders concerned; hence, it is
considered an effective option to improve electrification in the transportation sector and utilize its
positives towards the electricity utility sector. The significant benefits of V2G towards the
concerned participants are further discussed in detail.
2.10.1 Electric utilities
The V2G platform utilizes energy from EVs to help the energy infrastructure effectively. The
batteries on board the EVs provide energy during the discharging phase; however, this could only
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be accomplished with a bi-directional V2G implementation. The load profile can be flattened by
peak load shaving, while the valleys in the load profile can be filled using load by load leveling
[14,65]. The EV owners are given incentivized rates for charging during off-peak times.
Throughout the day, the grid is required to provide peak power only for a short period; hence,
meeting the load demand from distribution sources such as BEVs is economical for the utility [38].
The utility usually meets the peak load demands by using diesel generators which are much more
expensive than the operation in normal mode [61,66,67]. Further, it would reduce the stress on the
components of the system, while EV owners will be paid for their service at a premium rate.
Active power support is an essential feature in V2G owing to the advantages it can offer. One of
the benefits is the elimination of losses. By keeping the working efficiency of the power grid at a
lower point, the total losses can be abridged. [68]. Conventionally, the power grid is built to reach
the maximum load demand rate. The control infrastructure is also under-used during off-peak
hours. The introduction of the peak load shaving strategy using V2G technologies will optimize
the efficiency of the power infrastructure and eliminate further maintenance costs [137]. Moving
the charging period to off-peak hours is a smart way to prevent overloading of the power grid and
aging of the appliances. The V2G deployment to reach optimum load shaving and load balancing
is defined by the available charge of the EV battery attached to the power supply network
[125,138].
2.10.2 Increasing renewable energy penetration
The transport and power generation sectors are the two chief causes of global greenhouse gas
emissions [81]. The mass transition towards EVs integrated with the grid can also be an optimistic
step in reducing the rate of climate change as a more significant percentage of variable renewable
energy sources (VREs) can be incorporated into the transportation sector [45]. Even if EVs are not
powered by electricity based on a clean energy blend, their impact of mitigating air emissions in
urban centers is a significant first step. Nevertheless, the energy used to power the EV batteries
should be generated from renewable sources to achieve true decarbonization through
electrification [139]. Decarbonizing transport by utilizing EVs powered from renewable energy
remains unrealized chiefly due to the small proportion of renewable in the electricity mixture of
countries with the most significant number of EVs on the road, such as China. Likewise, countries
with a large share of renewables will profit from further electrification of transport. To take
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maximum advantage of both the transport electrification has to go hand in hand with the
decarbonization of the power sector [140].
Renewable energy (RE), which accounts for 30 percent of the world's power supply, is forecasted
to grow by 50 percent from 2019 to 2024 [1]. Countries worldwide seek to raise clean energy
volumes in their power grids to decarbonize them [41]. Solar PV and wind energy would account
for 72% of the RE capacity added until 2024 [1]. With the unreliable and erratic existence of
renewable electricity, green power production is a crucial drawback [127]; storage technology for
grid control is becoming essential. The EVs are powered by battery storage devices and run in the
power grids like distributed energy resources (DERs) [61]. EVs may be used as energy storage
and backups of power supply and thus expand the network's backup capacity [138,141]. The EV
aggregator that selects BEVs to build a cluster is the crucial agent for implementing the V2G
principle [63,142].
Energy grids have traditionally been controlled in live time; however, the growing unexpectedness
of wind and solar power shifts the complexities of energy exchange and services [143,144].
Storage adds a spatial element in energy markets with the potential to control them more reliably.
The main focus is also on the effective use of renewable energy supplies and the optimization of
network interactions; this will help build a sustainable electricity grid [145,146].
2.10.3 Accelerating the transition to electric mobility
The V2G framework is seen as a method to induce EV demand by providing economic benefits to
the owners, thereby reducing the total ownership costs. When connected to the grid, a vehicle’s
battery helps maintain the quality of electric supply for the customers of the electric utility;
additionally, it provides frequency regulation and reduces the peak load costs incurred by the utility
[147]. Vehicles that are in agreement with the V2G energy sharing framework are remunerated
mainly based on the hours of operation, the extent of service presented, and market tariffs applied
when the service is provided [73,84,111,148].
Cost-benefit analysis carried out on a V2G capable BEV (Toyota RAV4) was found to generate
$411 in a month-to-month income and $213 in a month-to-month benefit for providing services to
the California-region grid [130]. Another research exhibiting the financial aspects shows that a 24seat V2G-proficient eBus yields a lower net present cost per seat than a 32-seat diesel partner over
a 14-year life. The higher capital cost for the eBus is more than counterbalanced by V2G incomes,
just as lower fuel, upkeep, and externality costs [149]. A study by Noel et al. indicates that the
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willingness to pay for V2G capability in vehicles is high in Nordic countries due to the extensive
penetration of EVs and existing knowledge about the concept in society. However, the same trend
may not be observed elsewhere [9].
Further, since most of the world is currently in the early adoption phase, in the future with high
EV acceptance rates, utilities should develop sound pricing models to demonstrate the value of
V2G. Currently, most research does not provide a reasonable pricing concept for the type of service
considered [150]. Most research work quantifies income or cost savings in energy trading but does
not differentiate between the value generated for the e-vehicle supplier and the value created for
the other beneficiaries. Research on microgrid operations usually focuses on reducing the costs of
microgrid operations but does not measure the economic importance of incorporating an e-vehicle
into the grid [143].
2.10.4 Enhancing grid resilience
Over the years, the frequency of occurrence of adverse events has increased due to climate change.
Therefore, urban resilience, i.e., regions' capability to adapt to sudden changes such as natural
calamities, has become a significant discussion [151]. The large-scale implementation of the
vehicle to grid concept could impact communities to build resilience and operate during disasters.
In literature, few studies have investigated enhancing the reliability of urban electricity grids
through grid integration and GEVs serving as a backup power source [152]. However, EV adoption
and V2G implementation also raise challenges in case of calamities where it remains to be seen
how electric vehicles would be able to be charge and operate. The situations where V2G systems
could compete with an adaptation need to be addressed, and contingency plans should be put in
place [153]. Such potential trade-offs have to be considered when policies and programs for
resilience and recovery are framed. Furthermore, informed technical implementation would boost
humanity's ability to anticipate and successfully handle the predicted consequences of climate
change [154].
Challenges for large scale grid integration
As demonstrated earlier, the V2G concept can present an attractive solution to solve problems and
provide downstream direct/indirect benefits to all the concerned stakeholders. However, for its
successful implementation, certain drawbacks are needed to overcome technological
advancements, policy approaches, and economic incentives.
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2.11.1 Recharging Infrastructure
To boost public recharge capacity for transport electrification, the usage of recharging
infrastructure (RI) is necessary. A vast RI network is needed for creating sustainable mobility
utilizing clean electricity. The optimal location of chargers is vital to minimize capital costs for
the investors and reduce the access distance for EV owners. Private investors are not willing to
participate in RIs because of market uncertainties. BEVs have a limited vehicle range due to the
limited size of the battery pack [10,11,155] and limited recharging infrastructure access [39,116].
It has been seen from the existing literature that this process presents a causality dilemma [119].
Car buyers are reluctant to transition to EVs due to a lack of existing charging infrastructure; hence
there has been no demand creation due to which private and public investors are skeptical of
investing due to high payback periods and initial costs not being offset [13][149].
These barriers can be resolved using a well-planned electric vehicle-recharging infrastructure (EVRI) network capable of catering to the total EV recharging demand. Further, to upgrade the existing
infrastructure to allow the implementation of V2G, retrofitting of parking lots and the power grid
is needed. Every EV participating in the V2G framework requires a bi-directional battery charger
which consists of a multipart controller and high tension (HT) cabling. Besides, there might be an
increase in energy loss from the power system, leading to a monetary drawback. The reduction in
efficiencies leads to increased losses as continuous charging and discharging cycles involve energy
conversion, which can be a significant loss to the power system when looked at for a large fleet of
vehicles [66]. However, the life cycle costs after implementation of V2G are calculated to be low
due to the reduced operating costs [14].
As electricity utilities continue to push past the initial prototype phase and begin setting up or
encouraging the construction of charging networks for electric vehicles (EVs) at a
larger magnitude. To ensure the taxpayer resources are allocated efficiently and in the best interest,
it's critically necessary for policymakers and utility acquisition officials to consider what
the elements of V2G would amount to. This is especially relevant wherever utilities control the
commercial charging infrastructure, run and reclaim the costs across an average price [156–158].
There is an urgent need for current and comprehensive data about the costs of charging
infrastructure. Nonetheless, owing to the significant variance in the value of virtually any aspect
of charging stations, the tendency of suppliers to preserve confidential market strategies to retain
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their competitiveness, and the lack of universal charging standards, it is challenging to define and
evaluate specific prices across multiple deployments.
Although setup costs still tend to be large and pose a daunting business argument for V2G, it
should be noted that V2G is indeed an evolving development so that considerable cost savings will
be anticipated with standardization so widespread manufacturing. [159]. Non-networked
equipment prices of non-networked equipment are dropping near-normal development levels, as
producers know how to optimize their production methods. The price of charging station
equipment is expected to keep decreasing without any significant action or statutory guidelines;
while the EV charging market grows, the need for charging stations is growing, and producers
continue to increase supply. The rate of a one-way Level 2 adapter of 7.7 kW has fallen from USD
1,200 (2010) to USD 400 (2019) [41,160].
Unlike hardware expenses, soft expenses for non-residential charging stations, such as the
expenses of purchasing sites, following local construction regulations, and participating in lengthy
processes for getting utility hookups, easements, and local construction licenses, are more
challenging to minimize. Furthermore, soft expenses are typically considered as greater cost
drivers than charging station hardware. Soft expenses are also noted as some of the most
challenging and unexpected charges that charging network developers face [41,160].
2.11.2 Societal Barriers
The success of the V2G technology is mainly dependent on the number of EV’s and their owners
agreeing to partake in the implementation. The public acceptance of the concept has been a
significant challenge for its widespread adoption into the grid framework. The societal adoption
of V2G technology and behaviors and expectations of users is a crucial issue for the effective
propagation of V2G and electrical mobility. Vehicle owners might have several questions
regarding V2G, such as future prices, lifestyle effects, or even pure uncertainty about the idea
[161]. As mentioned earlier, customers could have a broad multitude of grounds to consider
adoption of V2G characteristics, possible environmental advantages, discomforts of delayed PEV
recharging, and fears regarding possible battery deterioration [6,162]. Interaction among V2G
activities, the charging status of the unit, and user activity or transit habits can be especially
significant. [153].
Electric cars may lead to climate change reduction when combined alongside decarbonized energy,
and only if the automobile range suits travelers. [163]. Examining the selection of electric cars
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toward the community's requirements is difficult, as comprehensive commuting actions should be
kept in mind. Further, customer expectations regarding coverage might differ significantly
regarding the restricted reach of PEVs, particularly BEVs, compared to PHEVs with a petroleumbased engine and an electric motor that can be operated by electricity [122]. Provided that various
customer polls show traditional vehicle potential buyers seem inclined to buy PHEVs than BEVs,
it is unclear whether the importance of range constraints would be in the potential environment of
significant PEV uptake [6,8].
According to the operating strategies, most of the proprietors will be warranted a certain energy
level maintained in the battery for emergency use; however, participation in the V2G technology
needs the owners to share their power. It will cause range anxiety amongst them. But there may be
a significant absence for certain V2G cases based around BEVs due to the absence of sensitivity
to customer transit habits or the question on how far the BEV may go across recharging events,
which may be crucial for acceptance [155,164]. While the V2G studies disregard the aspect, two
kinds of anxieties occur, one sort where the BEV has an insufficient charge for completion of a
ride, and the other kind of BEV with a ride that stretches outside the entire range of the car (longdistance or outside charging scope) [165].
Hence, a well-strategized EV charging infrastructure with a directed V2G management control
needs to be considered. In most scenarios, the V2G connectivity is cut off when the state of charge
(SOC) is lesser than an initially pre-set percentage. This guarantees that the EV battery has
sufficient power for everyday driving [158,166].
2.11.3 Battery life degradation
Most EVs use lithium-ion batteries to meet the onboard power requirements [167]. In normal
operating conditions, the battery cells weaken during the charging and discharging phases due to
the increased internal resistance caused by the irreversible chemical reaction [168]. Battery
degradation would mean a reduced storage capacity and hence frequent battery replacement
[148,168]. Since battery degradation depends on several factors, most studies have identified rapid
charging and discharging cycles as a major cause [169]. Services offered by the EVs, such as load
shaving and load leveling, are probable to cause faster battery degradation. The driving style of
owners has a significant impact on battery life as the gentle drivers have 38.9% higher battery life
than aggressive drivers [169]. V2G control technique and battery wear plans are created to avoid
the damaging utilization of EV batteries [43–45]. Harmony between the financial factors and the
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battery operating factors is significant to improve the advantages of the electricity utility and EV
proprietors.
With the implementation of V2G, the battery wear can increase and shorten the battery life. The
magnitude of these implications and steps that may reduce battery deterioration were thoroughly
examined [114,119,167,170]. The cumulative amount of battery cycles, the discharge depth (DoD)
per process, and the thermal consequences seem to be the leading indicators of battery failure and
lifetime. While several reports also indicated that preventive steps (e.g., restricting DoD to 80
percent of the battery charge) would mitigate the deterioration of the battery to reasonable rates,
the degree of battery degradation is projected to have a substantial effect on the potential
profitability of different V2G implementations. Battery packs currently cost below $300/kWh and
work in chemistry, technology, and production is projected to grow to reduce the cost of batteries
[15,40,150].
Battery packs that have hit the limit of their lifespan in cars can be used solely for grid purposes.
Such second-life batteries will be stored in a temperature-controlled setting and will be constantly
used for grid services. The pace of decay of such batteries will undoubtedly be higher than that of
newer batteries, so the batteries may well have low efficiency (less usable capacity per cycle) but
could still have financial benefits [171].
2.11.4 Regulatory issues
Regulators are set to play a significant role in the growth of V2G as it is a product of the market
which will develop within the constraints of the situation set forth by the regulatory bodies. If
regulators do not implement measures to improve the adoption of V2G, it will remain directed
towards specific use cases having limited complexities [112]. Currently, regulators or utilities have
not explored the implementation of V2G on a large scale, mainly due to the lack of EV penetration
and OEMs not participating in V2G projects. Furthermore, studies have concluded that intelligent
charging (V1G) can provide sufficient energy services due to regulatory constraints and that V2G
currently only offers value in specific scenarios where location matters, in areas with surplus solar
capacity, and markets with high peak pricing or demand charges, indicating a limited market
development [172]. However, in the future insufficient regulatory action will limit the array of
environmental and economic benefits. Transport electrification and integration with the energy
sector must be implicit goals that can be realized through regulatory policy [41].

34

Policies for vehicle electrification and grid integration
With growing EV penetration, the electric grid will be impacted in terms of technological and
policy consequences. Based on the recent estimates, EVs will contribute to 35% of global car sales
by 2040 [173]. EVs currently have a restricted driving range, owing to the limited capacity of the
batteries. A massive recharging infrastructure will be needed to address the restricted range hurdle.
Moreover, commercial feasibility and the efficient deployment of sustainable transit systems
would rely mainly on social and economic factors, such as overall operating costs compared to
ICEVs. Therefore, governments must encourage environmentally sustainable transport by
bridging the gap between the overall cost of ownership of alternate transport systems and ICEVs
by providing incentives to EV owners during their lifetime [174]. Various incentive-based policy
instruments such as carbon taxes, fuel consumption tax, and incentivized upfront costs have been
implemented [4]. There are demand-side and supply-side policies that the provincial and federal
governments can realize to accelerate EV adoption further.
Supply-side policies can be perceived to be more successful than their counterparts. They are
usually more straightforward and direct, offering a revenue target for car manufacturers with firm
fines for non-compliance. Furthermore, supply-side policies send a strong message to stakeholders
that the transition to electric mobility is ongoing, increasing customer trust and mobilizing the
development of EV networks and services. Nevertheless, supply-side measures run the possibility
of political opposition from automakers. As a result, decision-makers, where automakers are
politically active, typically strive to escape specific mandates and corporate regulations' political
repercussions. Policies that have demonstrated a shift towards EVs in California and Norway are
shown in Table 2-3. The success of these areas is fundamentally dependent on their particular
cultural and political context. Any other regions that want to construct their EV agenda based on
these two examples must address trade-offs and disparate circumstances.
Enhancements are necessary to maintain dependability to account for the increased loads on the
grid due to EV growth [167]. Governmental policies and regulatory bodies play a significant role
in accepting EVs into society towards incentivization, increasing consumer knowledge, and
developing operating frameworks [175]. It is seen that EV proprietors prepare for unanticipated
situations by gaining a high battery SOC, which prevents them from dynamically partaking in the
V2G operations. Also, a lack of cognizance and understanding of the V2G concept is seen in the
study directed by [15], which shows low figures of recommended policy mechanisms. Moreover,
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the outcomes show that the policies are principally focused on the power sector and have limited
scope over the vehicle division or customers. This mirrors the nascent nature of the innovation as
it is not yet at a phase for consumer acceptance, making it hard for those not legitimately associated
with V2G to envision how the technology may wind up [15,17].
Table 2-3: Policies to accelerate EV adoption [176–179]
Demand-side

Supply-side

Carbon pricing: Increases the price of fuel ZEV standard: Requires automakers to sell
that generates carbon pollution.

a minimum number of EVs.

Financial incentives for new and used Vehicle
ZEVs: Reduces capital cost of EVs.

emission

standards: Requires

improvement in fuel efficiency and reduction
in emissions.

Public charging: Increases access for Clean fuel standard: Provide credits for
charging away from home.

alternative fuels such as electricity and
hydrogen.

Increased

duty

on

ICEVs:

Taxation Incentives for existing and new ZEV

schemes can deter buyers as they offset the manufacturers:

Attracts

manufacturing

price difference between combustion and through financial mechanisms such as direct
electric vehicles.

funding or tax.

Right-to-charge requirements: Ensure that Incentives to attract new manufacturers in
residents of MURBs have the right to install the supply chain: Attracts battery and other
their charging stations

supply

chain

manufacturing

through

financial benefits.
EV-ready building code: Requires charging
infrastructure in new buildings.
Another significant barrier to ensuring complete access to the system administrators is the
sufficient payment for the vehicle battery systems' usage to allocated power suppliers. The goal
demonstrated is to boost the EV proprietor's rate of return entails a stable demand that adequately
prices the power system's V2G fare. The costs resulting from lithium-ion battery deterioration for
a specified V2G interchange should be recognized within this valuation process [15,167]. Perhaps
the most promising everlasting solution for competitive markets is creating another exchange
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framework that gives unrestricted access to competition and advancement within a secure,
unmanaged environment. Although the procurement and transmission of power are the system's
core capabilities, it will be better to configure the market dynamics to assist the broadest possible
service management exchange system, like V2G. Using the electric network as a platform for
power management, circulated power assets can be deployed and organized efficiently as network
assets [143,180]. It remains whether governments, utility companies, or private entities would take
the lead in creating such an ecosystem.
Summary
The literature review analyzed and reviewed various frameworks being implemented for vehicle
to grid technology. Even though V2G provides environmental, economic, and other downstream
benefits, its implementation on a large scale faces particular challenges. However, current
literature highlights that there has been an encouraging trend with the execution of the smart V2G
storage facility. V2G implementation requires feasibility studies localized to the implementation
sections; since market trends and societal acceptance characteristics vary with geographical
regions. The use of lithium-ion batteries for energy exchange has been determined as a significant
reason for battery degradation; however, no definitive results have been shown in studies due to
variations in operating conditions. Deciding if V2G is damaging to an EV battery is a complex
question that must be responded with further testing and demonstrating various EV cells in a
standardized manner. This testing ought to support both understanding the effect of V2G just as
the advancement and approval of innovation skeptic lithium-ion battery degradation models.
Since battery technology and energy exchange economics are critical factors, the regional
governments and utilities must ensure sufficient incentives to encourage wide-scale adoption of
the technology. Future work requires an assessment of the ownership of the batteries to see if they
can be owned and leased to the EV proprietors by the government or utility companies. The multifaceted problem needs to be addressed by integrated research amongst different areas. The
implementation of V2G needs to be backed by non-technical areas such as cultural customs and
social deeds [172]. An in-depth comparative analysis of the V2G implementation in regions
worldwide, especially in terms of real-time representations or statistical analysis.
Future research could investigate why V2G has remained solely inside exceptionally specialized
subject matters, even though it is a point with extraordinary potential to affect non-specialists
(particularly vehicle drivers and owners). Maybe when these roads are more productively
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researched, increasingly compelling approach blends can support existing systems and further
quicken the reception of V2G.
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Chapter 3: MEH Planning Framework for Complex Urban Networks
This section presents the planning strategy developed to carry out the capacity-based planning for
MEHs in urban centers based on a multi-criteria decision-making framework using linear
programming. The operational characteristics considered in this study are life cycle costs, parking
durations, and access distances.
A journal article (Khardenavis, A., Hewage, K., Perera, P., Shotorbani, A., Sadiq, R. (2021).
Mobile Energy Hub Planning for Complex Urban Networks: A Robust Optimization Approach,
Energy) has been published based on the results obtained in this chapter.
Background
Transportation electrification has been regarded as an economically realistic solution for
eliminating traditional fossil fuel-based transportation in countries with low-emission power
systems [34]. As a result, public and private investors, entrepreneurs, and politicians concentrate
their efforts on investments in electricity-based transportation infrastructure to fulfill projected EV
demand. According to the research, the main barriers to expanding electrical vehicle-based
transportation systems in Canada include higher switching costs, lower vehicle range (onboard
energy storage concerns), and limited access to recharging infrastructure. [21,181]. Most of the
existing barriers to EV adoption are being eliminated through policy development targeting widescale deployment of charging stations and reducing costs of EV ownership [178,182]. However,
when EV adoption rates in society grow, managing charging demands will be a challenge for
utilities [183]. Hence, considering the V2G concept, EVs could be used as a pooled mobile battery
bank to support the existing grid without compromising the driving experience or performance.
EVs that are aggregated together in parking lots and connected with smart bi-directional recharging
units (SBRUs) can be utilized as mobile energy hubs (MEHs) [184–186].
The aforementioned technique gives an intriguing case for future EV charging management.
However, developing a network capable of meeting overall EV recharging demands while
minimizing the EV transportation system's life cycle costs remains difficult. An ideal MEH
network will optimize charging infrastructure availability and access while mitigating the
aforementioned constraints by implementing an eco-friendly transportation system.
Several articles on the location-allocation of EV-RIs have been published in the literature in recent
years. These studies have concentrated on lowering capital and access costs while increasing
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vehicle flow coverage. When determining the ideal sites for possible EV-RIs, essential restrictions
such as vehicle range, maximum EV-RI facility capacity, and local government rules were
gathered [187]. However, these studies have not focussed on managing EV loads through bidirectional charging infrastructure. Therefore, planning for bi-directional charging facilities
remains a challenge [30,188].
Furthermore, most models projected location and capacity without considering varied
stakeholders, location-based cost changes (e.g., land leasing cost, grid connection cost), and
dynamic fluctuations in EV recharging demands. These models have also not accounted for the
uncertain nature of input data, such as costs and distances. Capacity prediction, network design,
and a recharging management methodology that considers the dynamic fluctuations of future EV
recharging needs are critical so that investors may maximize their cash flow while consistently
enabling the needed demand. This chapter presents a detailed design and management framework
for an urban MEH network, considering multi-period EV public net recharging demands, life cycle
costs, access distances, and connection times.
Methods and Procedure
The study aimed to address the current limitations in EV charging strategies by proposing an
innovative method to reduce the impacts on the grid by implementing strategic planning of bidirectional recharging infrastructure facilities or mobile energy hubs. The developed framework is
shown in Figure 3-1. The MEH allocation and sizing was defined as a multi-objective mixedinteger linear problem. Considering the parameter uncertainties, the developed nominal model was
then improved as a robust model to solve the multi-objective MEH allocation and sizing
optimization. Accordingly, the research has been divided into 5 phases.
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Phase 1: Data Collection and Database Development
Existing Institutional & Technical
Databases

Literature Review

Expert Elicitation

Phase 2: Preliminary Site
Selection

Phase 3: Temporal modeling of
EV demands for MEH

Regional Database on parking
availability

Municipal trip survey database
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indicator and weights
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vehicle trips

Region EV
growth
factors

Zone-based EV trip matrix
Site Priority Index using MCDM
EV V2G & G2V demands
Selection of potential MEH
locations

Temporal EV demands based on
TAZs

Phase 4: Nominal model for optimal location of MEHs
Multi objective optimization
Objectives:
Minimize Life cycle cost of network
Minimize- Total EV access distance
Maximize- Active parking duration

Distance Matrix using
ArcGIS



Most desirable
locations
Multi-period
MEH capacities
Multi-period
MEH
investments




Phase 5: Robust model for optimal location of MEHs
Identify uncertainties in
the nominal model
Define robust variables

Multi objective optimization using min-max
method

Comparison of
investments and
capacities with
nominal model

Figure 3-1: Framework for the planning of MEHs
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3.2.1

Phase 1 - Data collection and database development

Literature review, expert elicitation process, existing databases, and institutional reports were used
to develop a comprehensive database for this study. The scientific data related to methodology
development and case study data for a selected municipality were collected accordingly.
3.2.1.1

Data collected from the existing corporate databases

The case study data was collected from the respective municipality and the local utility providers.
Accordingly, 1) The current vehicle demands, other local/regional parameters required, and spatial
data required to formulate the ArcGIS model such as layer files, TAZ (Traffic Analysis Zone) data,
etc. were collected from the selected municipality; 2) Utility related data such as utility rates,
equipment prices, etc. were collected from the local utility provider.
Regional-based traffic and transport data and relevant socio-demographic data were collected from
the databases of appropriate public and private institutions. Data regarding charging times and
locations of existing charging infrastructure was obtained from relevant utility companies
(FortisBC). Further, costs associated with the deployment of MEHs were obtained through
publicly available databases.
3.2.1.2

Data collection from the literature

This research used “Google Scholar” to search high-impact peer-review articles relevant to EV
recharging infrastructure planning. Hence, the study used “Bidirectional Recharging,” “Electrified
Transportation,”

“Grid-to-vehicle

technologies,”

“Vehicle-to-grid

technologies,”

and

“Infrastructure Planning” as its keywords. The electronic and printed materials such as newspaper
articles, advertisements, web-based documents, survey reports, organizational and institutional
reports were analyzed.
According to the above data collections, a comprehensive database was developed to conduct this
study.
3.2.2

Phase 2 - Preliminary site selection

The indicator category and indicators are given weights based on expert opinions. According to
the methodology implemented by Perera et al. (2020), there are P indicator categories; W P is
considered the weightage of each indicator category, which indicates the category's importance in
selecting a particular parking infrastructure to be converted as MEH infrastructure. Each indicator
category has Q indicators, where WQ is considered the indicator's weight, which indicates the
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importance of the indicator in each indicator category. There are R indicator levels within each
indicator, where CR is the indicator level for each of the defined indicators. Each element (WPQCR)
of the matrix is given weightage according to expert opinion.
The most suitable indicator levels need to be selected in the matrix and the assigned weightage
(WPQCR) of the particular indicator level. The weighted sum model was used to get the Priority
Index (PI) of the specific site. Accordingly, the total priority index of the site can be obtained from
Equation 3-1.
𝑷𝑰(𝒎) = ∑𝑷𝒑

𝑸
𝑹
𝟏 ∑𝒒 𝟏 ∑𝒓 𝟏 𝑾𝒑

Equation 3-1

∗ 𝑾𝒒 ∗ 𝑾𝒑𝒒 𝑪𝒓

Where,
WP: Weightage of the pth indicator category
WQ: Weightage of the qth indicator within the indicatory category
CR: Indicator level for each of the defined indicators
WPQCR : Weightage of the rth indicator level of the pth indicator category and qth indicator
3.2.3

Phase 3 - Temporal modeling of EV demands for MEHs

The household travel survey data was used to obtain municipal trips with specific origins and
destinations. The following assumptions were considered to derive EV vehicles in the considered
period.
In addition to the city data and the expert opinions, the following assumptions were made to assess
the public recharging demands of the selected municipality.
1. Factored vehicle growth (gtv) rates and EV demands (RtEV) for the region were obtained
from the literature and institutional reports. This was used to obtain the multi-period
recharging demands within the considered TAZ.
2. Origin-to-Destination (O-D) trips were obtained from the trip survey data, and EVs are
regarded as similar to the municipal travel patterns.
There are two types of demands that can be seen while identifying potential MEH locations.
1. EVs that need to be recharged (𝑇

(

,

)

– G2V demand from origin to destination (nth

route) at tth year (vehicles/day))
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2. EVs that need to be coupled to MEH for V2G electric transfer. ( 𝑇

(

,

)

– V2G demand

from origin to destination (nth route) at tth year (vehicles/day))
However, the maximum parking capacity should be the total EVs connected to the grid via an
SBRU irrespective of the recharging direction (Ex: G2V or V2G). Accordingly, the design parking
capacity “PC (design)t” at the time of t can be estimated using Equation 3-2.
𝐏𝐂(𝒅𝒆𝒔𝒊𝒈𝒏)𝐭 = 𝐠 𝐭𝐯 . 𝐑𝐭𝐄𝐕 . ∑𝐈𝐢

𝐉
𝐨
𝟏 ∑𝐣 𝟏 𝛂(𝐢,𝐣) . 𝐓(𝐎𝐢,𝐃𝐣)

Equation 3-2

Where,
PC (design)t : Parking capacity to be designed to achieve optimal cost goals at time t
gtv: Vehicle growth rate from base year to tth year in the considered TAZ (%)
RtEV: Estimated electric vehicle registered as a percentage of the total vehicle registered as at t th
year (%)
α( , ) : Vehicle stop ratio at the designated mobile hub location (0<α< 1)
T(

,

3.2.4

):

Traffic demand from origin to destination at the base year (vehicles/day)
Phase 4 - Nominal model for optimal location of MEHs

The nominal model developed focused on three parameter; life cycle costs, access distances and
active connection time. The following assumptions were made in this analysis.
1. EV parking is done at the nearest parking infrastructure to the destination with MEH capability.
Accordingly, EV consumers are trying to minimize the additional travel distances required for
recharging.
2. The EVs arriving to carry out G2V electricity transfer have a state-of-charge level of 20%, and
recharging will be carried out up to 80% level in each vehicle. After that, the V2G electricity
transfer will be carried out if necessary.
3. During V2G electricity transfer, 50% to 80% state-of-charge will be kept in the vehicle battery
at all times to ensure the consumer has enough energy level to return to the trip origin.
4. The factors for MEH locations and capacities were considered the facilities' cost, access
distances from the trip origin, estimated EV demands, and average parking duration of the
existing parking infrastructure.
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The infrastructure cost minimization, parking duration maximization, and infrastructure access
distance minimization were considered as critical objectives for the optimization problem, which
can be further explained as follows:
3.2.4.1

Life cycle cost assessment

When each entity or procedure is equally suitable for implementation on technical grounds, lifecycle cost assessment (LCCA) is a method for determining the most cost-effective solution among
competing alternatives for purchasing, owning, using, maintaining, and eventually disposing of an
entity or procedure. The total cost of ownership consists of the cost of SBRUs, installation cost,
cost of civil works, cost of electric installation, step-up and step-down transformers, operational
cost, maintenance cost, repair cost, recycle cost, and end-of-life costs, which can be considered as
the life cycle cost of a product. The investment costs of recharging facilities should be kept at a
minimum to encourage more investments in MEH facilities. The LCC for the m th mobile-hub at
time t (𝐿𝐶𝐶 ) can be expressed as Equation 3-3 [25].
𝐿𝐶𝐶 = 𝑀𝐶 + 𝑈𝐶 +

𝑋

,

[𝛽. (𝐶 + 𝐿𝐶 + 𝐸𝐼 + 𝐶𝑊 + 𝑀𝐹 + 𝑅𝐹) + 𝐸𝐶 + 𝑁𝐹]
Equation 3-3

Where,
LCCmt : Life cycle cost of mth parking location at time t
β: Average daily vehicle recharging capacity of a typical SBRU (unit/vehicles)
C: Unit investment of SBRU (CAD/unit)
LC : The present worth of total land rent/cost/lease per SBRU in the mth mobile-hub (CAD/unit)
EI: Unit cost of the electrical installation of SBRU (CAD/unit)
CW: Cost of civil work per SBRU (CAD/unit)
MF: Present worth of total management fee paid annually (CAD/unit)
RF: End of life cost per unit (CAD/unit)
X(

, ):

Total number of vehicles used nth route and get served from mth facility at time t

EC: P resent worth of electricity unit’s consumer by an average vehicle (CAD/vehicle)
NF: Present worth of network fee per vehicle recharge (CAD/vehicle)
MC: Present worth of total miscellaneous fee incurred by the mobile-hub facility (CAD/facility)
UCm: Utility related additional expenses of the m th facility (CAD/facility)
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MEH facilities need to have maximum utilization, less vehicle turnover, and lower costs.
Generally, trip attractions where the parking demand is high have higher land costs. Therefore, the
MEH locations should be placed considering both location-based costs and the average parking
utilization. Moreover, the literature showed that the grid's MEH parking demands and electricity
requirements are not uniformly distributed throughout the day due to peak parking hours, which
causes the underutilization of SBRUs in the facility. Therefore, the number of charging units in
the facility was estimated based on SBRU to EV ratio (β), which depends on the regional travel
behaviors, location type, and regional charging behaviors [189]. Equation 3-4 is a condensed form
of Equation 3-3 used to minimize the costs of the infrastructure, considering only the costs of
acquiring land and operating the MEH facilities.
𝑍 = 𝑀𝑖𝑛 ∑

∑

𝛽. 𝐿𝐶 . 𝑋(

, )

+ 𝑈𝐶

Equation 3-4

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜,
𝑋(

, )

≥ 0, ∀𝑚, 𝑛, 𝑡

Where,
β: Average daily vehicle recharging capacity of a typical SBRU (unit/vehicles)
LC : The present worth of total land rent/cost/lease per SBRU in the mth mobile-hub (CAD/unit)
X(

, ):

Total number of vehicles used nth route and get served from mth facility at time t

UCm: Utility related additional expenses of the m th facility (CAD/facility)
3.2.4.2

Minimize MEH access distances

Typically, the EV consumers should drive an additional distance to reach a MEH facility, which
acts as a barrier in contributing to V2G electricity transmission. This additional distance needs to
be minimized to enhance the user acceptability of the MEH concept. Accordingly, Equation 3-5
was used to reduce the aforementioned detour distance for all the EV trips in the municipality.
However, there is a capacity constraint in each MEH facility. Hence the EV recharging demand
catered by the particular facility should be less than or equal to the maximum supply capacity.
𝑍 = 𝑀𝑖𝑛 ∑

∑

𝑋(

, ) 𝑑( , )

Equation 3-5

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜,
∑

𝑋(

, )

≤ β. 𝑁𝑈

MEH capacity constraint

∑

𝑋(

, )

= 𝑇

Recharging demand constraint

( , )
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𝑋(

, )

≥ 0, ∀𝑚, 𝑛, 𝑡

Where,
𝑑(

, ):

Detoured distance of nth trip (Oi-Dj) through mth MEH facility

X(

, ):

Total number of vehicles used nth route and get served from mth facility at time t

𝑇

( , ):

EV traffic demand from origin to destination at year t (vehicles/day)

NU : Number of DC-FC units proposed at m th location at time t
3.2.4.3

Maximize active parking duration

Long-term parking and low vehicle turnovers are essential to developing V2G technologies by
increasing the utilization of MEH facilities to increase the overall system's efficiency. Therefore,
maximizing the parking duration was considered in this analysis. Accordingly, selecting the
parking infrastructure with maximum parking durations (maximum parking utilization rate) was
considered an objective. When maximizing the parking time, the parked car might be an EV with
V2G capabilities or not. If an EV without V2G is parked, the solution of the allocation problem is
changed as the allocation problem is not impacted by V2G technology in the proposed model.
Further, EV allocation considering V2G to minimize electric power grid’s load or peak load can
be done. However, this model calculates the total energy capacity of V2G enabled parked EVs.
Therefore, the objective function can be shown as:
𝒁𝟑 = 𝑴𝒂𝒙 ∑𝑴
𝒎

𝒕
𝑵
𝟏 ∑𝒏 𝟏 𝑫𝑷(𝒎,𝒏) 𝑨𝑷𝒎 𝑿(𝒎,𝒏)

Equation 3-6

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜,
𝑋(

, )

≥ 0, ∀𝑚, 𝑛, 𝑡

Where,
𝐷𝑃(

, ):

Percentage of the total time; the vehicle using nth route is actively connected to the grid

at the mth MEH facility
AP : The maximum time for which the vehicle allows bi-directional energy exchange at the m th
MEH facility (hrs)
3.2.5

Phase 5 - Robust model for optimal location of MEHs considering uncertainties

Aligning the MEH investments with precise recharging demands (combined V2G and G2V
demands) will require recharging availability and optimal investments. In addition to that,
lowering acquisitions will result in lesser recharging rates and a high V2G electricity transferring
rate, which may encourage EV consumers to use MEH facilities [190–192]
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However, it can be seen that the costs, distances, and vehicle parking duration have been predicted
for the future years but have inherent variation as they depend on factors such as inflation, interest
rates, urban center growth, and charging behaviors of EV owners. Therefore, they are considered
uncertain variables, and an uncertainty-based analysis was performed to solve the aforementioned
multi-objective problem.
The uncertainties of the parameters are modeled in the optimization problem assuming a bounded
uncertainty range. The min-max method was used to develop a robust model for the proposed
multi-objective optimization problem [192,193].
3.2.5.1

Life cycle cost assessment: uncertainty in 𝑳𝑪𝒎

Considering that the component costs, land lease costs, service costs, and electricity costs vary
over the years, the uncertainty of the life cycle costs has been modeled in the proposed optimization
problem.
From Equation 3-4, we have:
𝑍 = 𝑀𝑖𝑛 𝛽 ∑

𝐿𝐶 𝑥 + ∑

Equation 3-7

𝑈𝐶

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜,
𝑋(

, )

≥ 0, 𝑥 ≥ 0, ∀𝑚, 𝑛, 𝑡

where 𝑥 = ∑

𝑋(

, ).

To investigate the uncertainty of 𝐿𝐶 , suppose the entry 𝐿𝐶

takes values in [𝐿𝐶 , 𝐿𝐶 + Δ𝐿𝐶 ],

where Δ𝐿𝐶 represents the deviation from the nominal cost coefficient, i.e. 𝐿𝐶 . The uncertainty
set (𝑆
𝑆

) for 𝐿𝐶 can be stated as

= {𝐿𝐶 ≥ 0 ∈ ℝ: 𝐿𝐶 ∈ [ 𝐿𝐶 , 𝐿𝐶 + 𝛥𝐿𝐶 ], 0 ≤ 𝛥𝐿𝐶 ≤ 𝑟 𝐿𝐶 }

where 0 ≤ 𝑟 ≤ 1 is a constant that the decision-maker can use to limit the uncertainty percentage
to a desired value. From 0 ≤ Δ𝐿𝐶 ≤ 𝑟 𝐿𝐶 and by defining 𝑧 = Δ𝐿𝐶 /𝐿𝐶 , the uncertainty
set is
𝑆

= {𝐿𝐶 ≥ 0 ∈ ℝ: 𝐿𝐶 ∈ [ 𝐿𝐶 , 𝐿𝐶 + 𝑧 𝐿𝐶 ], 0 ≤ 𝑧 ≤ 𝑟 , 𝑧 ∈ ℝ}

Equation 3-8

Considering the uncertainty Δ𝐿𝐶 in the optimization problem, we have:
𝑍 = 𝑀𝑖𝑛 𝛽 ∑

(𝐿𝐶 + Δ𝐿𝐶 )𝑥 + ∑

𝑈𝐶

Equation 3-9
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Substituting Δ𝐿𝐶 = 𝑧 𝐿𝐶 into Equation 3-9, we get
𝑍 = min 𝛽 ∑

𝐿𝐶 𝑥(

, )

+ 𝑧 𝐿𝐶 𝑥(

, )

+∑

Equation 3- 10

𝑈𝐶

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜,
𝑋(

, )

≥ 0, 𝑥(

, )

Equation 3- 11

≥ 0, ∀𝑚, 𝑛, 𝑡

0 ≤ 𝑧 ≤ 𝑟 , ∀𝑚

Equation 3-12

∑

Equation 3-13

𝑧 ≤𝛤

where 0 ≤ 𝛤 ≤ 𝑀 is the robustness budget and 𝑟 is defined in Equation 3-8. Equation 3-13 is a
constraint for a limited robustness budget.
The parameter 𝛤 controls the level of robustness in the objective. The objective is to find an
optimal solution that optimizes against all scenarios under which a number 𝛤 of the cost
coefficients can vary in such a way as to influence the objective maximally. In general, a higher
value of 𝛤 increases robustness at the expense of a higher nominal cost.
It is noted from Equation 3-10 that the maximum of 𝑧 𝐿𝐶 results in the worst case and thus the
maximum of 𝑧 𝐿𝐶 in Equation 3-10 should be minimized to ensure robustness against Δ𝐿𝐶 =
𝑧 𝐿𝐶 .
Therefore, from the min-max method, the optimization problem Equation 3-10 is redesigned as:
𝑍 = min 𝛽 ∑

𝐿𝐶 𝑥(

, )

+ max ∑

𝑧 𝐿𝐶 𝑥(

, )

+∑

𝑈𝐶

Equation 3-14

Subject to,
Equation 3-11- Equation 3-13
To solve, first, we calculate the dual of max ∑

𝑧 𝐿𝐶 𝑥(

, )

in the following and then

substitute it with its dual problem. The primal-dual conversion is formulated in Table 3-1.
Concerning the above formulation and considering 𝑐 = 𝐿𝐶 𝑥(
max ∑

𝑧 𝐿𝐶 𝑥(

, )

, ),

𝑥 = 𝑧 , the dual of

is calculated as Equation 15, by defining the dual variables ξ and 𝛾

for Equation 3-12 and Equation 3-13, respectively.
min 𝑟 𝛾Γ + 𝑟 ∑

𝜉

Equation 3-15

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜,
49

𝜉 + 𝛾 ≥ 𝐿𝐶 𝑥(

, ) , ∀𝑚

𝜉 ≥0
𝛾 ≥0
Table 3-1: Primal-Dual Conversion
Primal problem
max

Dual problem

𝑐𝑥

min

𝑏𝑦

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜,

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜,
𝑎 𝑥 ≤ 𝑏 , 𝑖 = 1,2, … , 𝑚

𝑦 𝑎 ≥ 𝑐 , 𝑗 = 1,2, … , 𝑛

𝑥 ≥ 0, 𝑗 = 1,2, … , 𝑛

𝑦 ≥ 0, 𝑖 = 1,2, … , 𝑚

Substituting the max ∑

𝑧 𝐿𝐶 𝑥(

, )

in Equation 3-14 with its dual problem, the

optimization problem Equation 3-14 is changed into:
𝑍

= min 𝛽𝑟 𝛾 Γ + 𝛽 ∑

𝐿𝐶 𝑥(

, )

+𝑟 𝜉

+∑

𝑈𝐶

Equation 3-16

Therefore, the robust optimization problem is designed considering and the constraints as:
𝑍

= min 𝛽𝑟 𝛾 Γ + 𝛽 ∑

𝐿𝐶 𝑥(

, )

+𝑟 𝜉

+∑

𝑈𝐶

Equation 3-17

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜,
𝑋(

, )

≥ 0, 𝑥(

, )

≥ 0, ∀𝑚, 𝑛, 𝑡

∀𝑚: 𝜉 + 𝛾 ≥ 𝐿𝐶 𝑥(

, )

𝜉 ≥0
𝛾≥0
Where,
LC : The present worth of total land rent/cost/lease per SBRU in the mth mobile-hub (CAD/unit)
β: Average daily vehicle recharging capacity of a typical SBRU (unit/vehicles)
𝜉 , 𝛾: Dual variables
𝑟 : Constant that the decision-maker can use to limit the uncertainty percentage to a desired value
𝛤: Robustness budget defined to control the level of robustness in the objective
UCm: Utility related additional expenses of the m th facility (CAD/facility)
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3.2.5.2

Minimize MEH access distances: uncertainty in 𝒅(𝒎,𝒏)

Equation 3-5 can be reorganized as:
𝑍 = min ∑

𝑑(

, ) 𝑋( , )

+∑

𝑑(

, ) 𝑋( , )

+⋯+∑

𝑑(

Equation 3-18

, ) 𝑋( , )

Similar to Equation 3-8 Equation , the uncertainty set for 𝑍 is defined as
𝑆 = 𝑑(

≥ 0 ∈ ℝ: 𝑑(

, )

, )

∈ 𝑑(

, ) , 𝑑( , )

+ Δ𝑑(

, )

∈ 𝑑(

, ) , 𝑑( , )

+𝜁

, 0 ≤ Δ𝑑(

, )

, )

≤ 𝑟 𝑑(

,

≤ 𝑟 ,𝜁

, ) , Δ𝑑( , )

∈ℝ
𝑆 = 𝑑(

≥ 0 ∈ ℝ: 𝑑(

, )

,

𝑑(

, )

,0 ≤ 𝜁

∈ℝ

,

where 𝑟 is defined in Equation 3-8.
Considering the uncertainty of 𝑑(
𝑍 = min ∑
Δ𝑑(

, )

𝑋(

𝑑(

, )

+ Δ𝑑(

, ),

, )

𝑋(

Equation 3-18 is formulated as
, )

+∑

𝑑(

, )

+ Δ𝑑(

𝑋(

, )

, )

+ ⋯∑

𝑑(

, )

+

Equation 3-19

, )

Similar to and using the min-max method, Equation 3-19 is calculated as
𝑍 = min ∑

𝑑(

min max ∑

𝑧

, ) 𝑋( , )
,

𝑑(

+∑

, ) 𝑋( , )

𝑑(

, ) 𝑋( , )

+∑

𝑧

,

𝑑(

+⋯+∑
, ) 𝑋( , )

𝑑(

, ) 𝑋( , )

+ ⋯+ ∑

𝑧

,

+
𝑑(

, ) 𝑋( , )

Equation 3-20
𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜,
𝑋(

, )

0≤𝑧
∑

≥ 0, ∀𝑚, 𝑛, 𝑡
,

≤ 𝑟 , ∀𝑚, 𝑛

𝑧 ≤ 𝛤 , ,∀𝑛

Where 𝑟 is a constant in Equation 3-8; The decision-maker can limit the uncertainty percentage
to the desired value of 𝑟 .
It is noted that Equation 3-20 is identical to solving the sum of N problems of
min ∑

𝑑(

, ) 𝑋( , )

+ max ∑

𝑧

,

𝑑(

, ) 𝑋( , )

, 𝑛 = 1, … , 𝑁
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The dual of max ∑

𝑧

,

𝜉

,

𝑑(

, ) 𝑋( , )

, 𝑠. 𝑡. ∀𝑚, 𝑛: 0 ≤ 𝑧

,

≤ 𝑟 and ∀𝑛: ∑

𝑧

,

≤Γ

is
min 𝑟 𝛾 Γ + 𝑟 ∑

Equation 3-21

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜,
∀𝑚: 𝜉
𝜉

,

,

+ 𝛾 ≥ 𝑑(

, ) 𝑋( , )

≥0

𝛾 ≥0
From Equation 3-20 and Equation 3-21, it is concluded that:
𝑍 = min ∑

𝑑(

𝑟 min 𝛾 Γ + ∑

, ) 𝑋( , )

𝜉

,

+∑

𝑑(

+𝛾 Γ +∑

, ) 𝑋( , )

𝜉

,

+⋯+∑

𝑑(

+ ⋯+ 𝛾 Γ + ∑

, ) 𝑋( , )

𝜉

+

,

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜,
𝑋(

, )

≥ 0, ∀𝑚, 𝑛

𝑛 = 1: ∀𝑚: 𝜉

,

+ 𝛾 ≥ 𝑑(

, ) 𝑋( , )

𝑛 = 2: ∀𝑚: 𝜉

,

+ 𝛾 ≥ 𝑑(

, ) 𝑋( , )

+ 𝛾 ≥ 𝑑(

, ) 𝑋( , )

𝑛 = 𝑁: ∀𝑚: 𝜉
∀𝑚, 𝑛: 𝜉

,

≥0

,

∀𝑛: 𝛾 ≥ 0
which can be summarized as:
= min ∑

𝑍

𝑟 𝛾 Γ +∑

𝑑(

, ) 𝑋( , )

+𝑟 𝜉

,

Equation 3-22

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜,
∀𝑚, 𝑛: 𝑋(

, )

≥0

∀𝑚, 𝑛: 𝜉

,

+ 𝛾 ≥ 𝑑(

∀𝑚, 𝑛: 𝜉

,

≥0

, ) 𝑋( , )

∀𝑛: 𝛾 ≥ 0
Where,
𝜉

,

, 𝛾 : Dual variables
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𝑟 : Constant that the decision-maker can use to limit the uncertainty percentage to a desired value
Γ : Robustness budget defined to control the level of robustness in the objective
𝑑(

, ):

Detoured distance of nth trip (Oi-Dj) through mth MEH facility

X(

, ):

Total number of vehicles used nth route and get served from mth facility at time t

3.2.5.3

Maximize active parking duration: uncertainty in 𝑨𝑷𝒎

Equation 3-6 can be presented as:
𝑍 = max ∑
where 𝑥(

, )

𝐴𝑃 ∑
=∑

𝑋(

𝑋(

, )

= max ∑

𝐴𝑃 𝑥(

Equation 3-23

, )

, ).

Similar to Equation 3-8, the uncertainty set for active parking duration is defined as
𝑆

= {𝐴𝑃 ≥ 0 ∈ ℝ: 𝐴𝑃 ∈ [ 𝐴𝑃 , 𝐴𝑃 + Δ𝐴𝑃 ], 0 ≤ Δ𝐴𝑃 ≤ 𝑟 𝐴𝑃 , Δ𝐴𝑃 ∈ ℝ}

𝑆

= {𝐴𝑃 ≥ 0 ∈ ℝ: 𝐴𝑃 ∈ [ 𝐴𝑃 , 𝐴𝑃 + 𝑧

𝐴𝑃 ], 0 ≤ 𝑧

≤ 𝑟 ,𝑧

∈ ℝ}

Considering the uncertainty of 𝐴𝑃 , Equation 3-23 is formulated as
𝑍 = max ∑

(𝐴𝑃 + Δ𝐴𝑃 )𝑥(

, )

= max ∑

(𝐴𝑃 + 𝑧

𝐴𝑃 )𝑥(

, )

Equation 3-24

Using the min-max method, the uncertain model Equation 3-24 is redesigned as
𝑍 = max ∑

𝐴𝑃 𝑥(

, )

+ max min ∑

𝑧

𝐴𝑃 𝑥(

, )

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜,
𝑋(

, )

≥ 0, 𝑥(

0≤𝑧
∑

, )

≥ 0, ∀𝑚, 𝑛, 𝑡

≤ 𝑟 , ∀𝑚
𝑧

≤Γ

, ∀𝑚

Analogous to the approach proposed for the uncertainty of 𝐿𝐶 , the robust model for maximizing
the active parking duration considering the uncertainty of 𝐴𝑃 is designed as
𝑍

= max −𝑟 𝛾

Γ

−𝑟 ∑

𝜉

+∑

𝐷𝑃(

, ) 𝐴𝑃

𝑥(

, )

Equation 3-25

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜,
𝑋(

, )

≥ 0, 𝑥(

, )

≥ 0, ∀𝑚, 𝑛, 𝑡
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∀𝑚: 𝜉

+𝛾

𝜉

≥0

𝛾

≥0

≤ 𝐴𝑃 𝑥(

, )

Where,
𝜉

: Dual variables

,𝛾

𝑟 : Constant that the decision-maker can use to limit the uncertainty percentage to a desired value
Γ : Robustness budget defined to control the level of robustness in the objective
𝐷𝑃(

, ):

Percentage of the total time; the vehicle using nth route is actively connected to the grid

at the mth MEH facility
AP : The maximum time for which the vehicle allows bi-directional energy exchange at the m th
MEH facility (hrs)
X(

, ):

Total number of vehicles used nth route and get served from mth facility at time t

Results
The nominal problem defined in Section 3.2.4 is converted to a robust problem to account for the
uncertainties in life cycle cost, access distances, and active parking duration by providing a
robustness budget. The methodology developed using the min-max method has been applied to
Equation 3-4, Equation 3-5, and Equation 3-6. The formulation of the robust problem for the
aforementioned equations has been shown below.
Comparing the robust optimization problem with the nominal optimization problem without
uncertainty, the changes made to the nominal problem are:


Two new dual variables are defined; 𝜉 and 𝛾



𝑟 𝛾 Γ+𝑟 ∑



Three new constraints, i.e., ∀𝑚: 𝜉 + 𝛾 ≥ 𝐿𝐶 𝑥(

𝜉 is added to the objective function of Equation 3-7
, )

, 𝜉 ≥ 0, 𝛾 ≥ 0 are added to the

constraints of Equation 3-7.
The robust problem for incorporating the uncertainties in life cycle cost is compared to the nominal
model as shown in Table 3-2.
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Table 3-2: Comparison of the robust problem with the nominal problem (𝑍 )
Nominal problem
𝑍 = min 𝛽 ∑
∑

𝐿𝐶 𝑥(

, )

+

Robust problem with uncertainty
𝑍

= min 𝛽𝑟 𝛾 Γ

𝑈𝐶
𝑠. 𝑡. 𝑋(

, )

≥ 0, 𝑥(

, )

≥ 0, ∀𝑚, 𝑛, 𝑡

+𝛽

+
𝑠. 𝑡. 𝑋(

, )

𝐿𝐶 𝑥(

, )

+𝑟 𝜉

𝑈𝐶

≥ 0, 𝑥(

, )

≥ 0, ∀𝑚, 𝑛, 𝑡

∀𝑚: 𝜉 + 𝛾 ≥ 𝐿𝐶 𝑥(

, )

𝜉 ≥0
𝛾 ≥0
Where,
LC : The present worth of total land rent/cost/lease per SBRU in the mth mobile-hub (CAD/unit)
β: Average daily vehicle recharging capacity of a typical SBRU (unit/vehicles)
𝜉 , 𝛾 : Dual variables
𝑟 : Constant that the decision-maker can use to limit the uncertainty percentage to a desired value
𝛤: Robustness budget defined to control the level of robustness in the objective
UCm: Utility related additional expenses of the m th facility (CAD/facility)
In the above formulation, only uncertainty in the present worth of land was considered as land
costs will vary within an urban center. However, other costs such as cost of civil work, cost of
electrical installation, network management fee, and end of life cost will be the same across all the
MEH locations. Hence, they will not affect decision-making.
The robust problem for incorporating the uncertainties in access distances compared to the nominal
model is shown in Table 3-3.
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Table 3-3: Comparison of the robust problem with the nominal problem (𝒁𝟐 )
Nominal problem
𝑍 = min

𝑑(

𝑠. 𝑡. 𝑋(

Robust problem with uncertainty

, ) 𝑋( , )

, )

≥ 0, ∀𝑚, 𝑛, 𝑡

, )

≤ β. 𝑁𝑈

𝑍

= 𝑚𝑖𝑛

𝑟𝛾 𝛤

+
𝑋(

𝑑(

, ) 𝑋( , )

𝑠. 𝑡. ∀𝑚, 𝑛: 𝑋(
𝑋(

, )

= 𝑇

( , )

∀𝑚, 𝑛: 𝜉

, )

, )

≤ β. 𝑁𝑈

𝑋(

, )

= 𝑇

( , )

+ 𝛾 ≥ 𝑑(

∀𝑚, 𝑛: 𝜉

,

,

≥0

𝑋(

,

+𝑟 𝜉

, ) 𝑋( , )

≥0

∀𝑛: 𝛾 ≥ 0
Where,
𝜉

,

, 𝛾 : Dual variables

𝑟 : Constant that the decision-maker can use to limit the uncertainty percentage to a desired value
Γ : Robustness budget defined to control the level of robustness in the objective
𝑑(

, ):

Detoured distance of nth trip (Oi-Dj) through mth MEH facility

X(

, ):

Total number of vehicles used nth route and get served from mth facility at time t

Comparing the robust optimization problem Equation 3-25 with the nominal optimization problem
Equation 3-6 without uncertainty, the changes made to the nominal problem are:


Two new dual variables are defined; 𝜉



−𝑟 𝛾



Three new constraints, i.e., ∀𝑚: 𝜉

Γ

−𝑟 ∑

𝜉

and 𝛾

is added to the objective function of the nominal model
+𝛾

≤ 𝐴𝑃 𝑥(

, ),

𝜉

≥ 0, 𝛾

≥ 0 are added to

the constraints.
The robust problem incorporating the uncertainties in active parking durations is compared to the
nominal model, as shown in Table 3-4.
56

Table 3-4: Comparison of the robust problem with the nominal problem (𝑍 )
Nominal problem
𝑍 = max
𝑠. 𝑡. 𝑋(

𝐷𝑃(
, )

, ) 𝐴𝑃

Robust problem with uncertainty
𝑥(

, )

𝑍

= max −𝑟 𝛾

Γ

−𝑟

𝜉

≥ 0, ∀𝑚, 𝑛, 𝑡
+
𝑠. 𝑡. 𝑋(
∀𝑚: 𝜉

𝐷𝑃(
, )

+𝛾

, ) 𝐴𝑃

𝑥(

, )

≥ 0, ∀𝑚, 𝑛, 𝑡
≤ 𝐴𝑃 𝑥(

𝜉

≥0

𝛾

≥0

, )

Where,
𝜉

: Dual variables

,𝛾

𝑟 : Constant that the decision-maker can use to limit the uncertainty percentage to a desired value
Γ
𝐷𝑃(

: Robustness budget defined to control the level of robustness in the objective
, ):

Percentage of the total time; the vehicle using nth route is actively connected to the grid

at the mth MEH facility
AP : The maximum time for which the vehicle allows bi-directional energy exchange at the m th
MEH facility (hrs)
X(

, ):

Total number of vehicles used nth route and get served from mth facility at time t

It is noted that 𝑟 is a constant that the decision-maker can use to limit the uncertainty percentage
of the parameters to a desired value (e.g., 20% of the nominal value).
Discussion
The development of charging networks is crucial to improving public charging capacity for
transportation electrification. The use of low-emission energy to decarbonize transportation
necessitates a massive charging network. Customers are hesitant to buy electric vehicles (EVs)
until RIs are widely available, yet investors are reluctant to invest in RIs due to recharging market
uncertainty. Furthermore, with future EV adoption expected to be substantial, it will be critical to
regulate charging demands by creating a bidirectional recharging network. As a result, a scientific
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planning method is essential to assure the long-term implementation of SBRUs in complex
networks.
The planning of bi-directional recharging facilities is a multifaceted process that involves multiple
factors. Hence, to accommodate and optimize the control variables, a multi-criteria decisionmaking approach has been followed as shown in Figure 3-2.

Figure 3-2: Planning framework inputs and outputs
As model inputs, geoprocessing data, regional travel behaviors, and recharge features were
employed. Through this approach, costs, access distances, and active connection times have been
formulated as the objective functions. These objective functions with assigned weights contributed
to the preparation of the normalized fitness function. The weights for each of the objective
functions were defined based on a balanced perspective. However, these weights can be modified
according to the infrastructure developer’s, EV owner’s, or electric utility’s perspective. This
nominal model was then converted to a robust optimization model by accounting for uncertainties
in the decision variables. These uncertainties may arise from variations in data inputs, changes in
costs, and changes in travel behaviors. In Chapter 4, the suggested framework was shown using a
case study of a typical medium-sized municipality in Canada.
Summary
The growing importance of decarbonizing the transport sector using low-emission electrification
has, in turn, made recharging infrastructure availability a critical aspect that concerns vehicle
buyers, governments, utilities, infrastructure investors, and developers [16]. However, a largescale transition would be augmented by a vast deployment of charging stations that require huge
investments for recharging infrastructure and electric grid infrastructure. Hence, a scientific
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framework combines with an innovative recharging mechanism is vital to ensure that the assets
are made in a phased manner in conjunction with the temporal demand variations and accounting
for any inherent uncertainties.
The benefits offered by bi-directional charging and distributed energy storage can be tapped into
by encouraging the transition to EVs based on the optimal placement of mobile energy hubs. In
that case, the growth of the V2G concept and its penetration into urban centers has involved more
stakeholders in the planning phase as the interests of more parties need to be accounted for when
making decisions on the deployment of the charging network. This study focused on proposing
life-cycle thinking-based bi-directional smart recharging infrastructure planning framework
accommodating uncertainties in the control factors affecting the vehicle-to-grid adoption for
investors, EV owners, and utilities.

59

Chapter 4: Demonstration of the MEH Planning Framework
This chapter presents life cycle thinking-based investment models developed to assess the
economic impacts of commercial bi-directional charging infrastructure. The case study is
implemented based on the models developed in Chapter 3.
Background
As the penetration of EVs into the transportation sector increases, there will be an increased
impetus on the electric utilities to meet their charging demands [139]. To integrate EVs into society
seamlessly, techniques to manage EV charging through demand-side management strategies are
essential [194]. The prospect of allowing bi-directional energy exchange to and from the EV
batteries through predefined agreements between the owner and the electric utility is an interesting
solution for dealing with peak demands [195]. Peak electricity demands exist when the EV
charging coincides with industrial or home energy consumption peaks. Hence, to accommodate
these demands, approaches such as controlled charging need to be implemented [196]. Further,
since EV batteries can also serve as DERs, they can be integrated with the grid through the V2G
concept. The integration of batteries into the grid would serve two purposes, i.e., control vehicle
charging loads and use EV batteries for grid-scale energy storage [197].
Further, the adoption of the smart power grid concept has seen EVs being explored as energy hubs
since they can be connected to the power grid with the implementation of the V2G concept. EVs
interacting with the power grid based on scheduled demand requirements have a significant impact
on society. The framework developed in Chapter 3 focuses on EV uptake-based capacity
optimization of these facilities for an urban community. The model incorporates multi-criteria
decision-making in the planning of these MEHs to account for the stakeholders' perspectives in
the electric-mobility ecosystem. Further, the efficacy of the nominal model is enhanced by
introducing uncertainties in the framework problem through robust optimization.
In this chapter, the developed model is applied to the City of Kelowna, a medium-scale urban
center in British Columbia, to demonstrate the framework through a case study. Based on the
optimization results, investment costs for the development of MEH facilities are calculated based
on life cycle cost assessment (LCCA) principles. The potential of MEHs to serve as DERs using
EV batteries for energy storage is also presented.
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Methods and Procedure
The guidelines to convert existing parking facilities to MEHs are provided as a case study. The
Census Metropolitan Area of Kelowna was selected to implement the developed framework.
Kelowna is located in the interior of British Columbia, Canada, has a population of 194,885 and
had the highest population growth rate (3.1%) in Canada in 2015. Kelowna urban center consists
of 181 TAZs [11].
The pre-screening methodology was implemented and existing parking facilities were selected to
be converted as future mobile hubs [25]. The data was collected through routine and pre-planned
site visits. The parking infrastructure locations, ownerships, and costs were collected from the
municipality. The survey conducted in this study considered retail businesses-based parking
infrastructure to be developed as MEH facilities. Table 4-1 shows the potential parking facilities
and characteristics that need to be considered in the optimization model.
Table 4-1: Potential mobile-energy-hub locations (selected parking facilities) in Kelowna

Location

Neighborhood

Longitude

Latitude

ID

TAZ

Active

Land cost

Max.

parking

Factor

Conversion

duration

(LCm)

No.

(APm)

Capacity
2

(CAD/ m )

(NUm)

(hr)
1

LAKESHORE/PANDOSY

-119.491

49.86083

107

2

2,500

10

2

UNIVERSITY PLAZA

-119.389

49.92223

154

6

2,900

10

3

MCCURDY CORNER

-119.405

49.90209

63

3

3,200

20

4

COOPER CENTRE

-119.445

49.88261

52

2

3,500

10

5

BANKS-SPRINGFIELD

-119.425

49.88871

55

4

3,500

10

6

CAPRI CENTRE MALL

-119.475

49.88117

34

6

3,200

16

7

ORCHARD PLAZA

-119.469

49.88195

35

6

3,600

10

8

SPALL PLAZA

-119.458

49.8821

28

4

3,300

16

9

GLENMORE

-119.443

49.91531

160

6

2,500

20

10

RICHTER

-119.49

49.88477

24

3

3,800

10

11

CLEMENT

-119.495

49.89600

5

4

2,600

10

12

SPRINGFIELD

-119.456

49.87627

50

2

2,600

20

13

BANKS

-119.428

49.8836

58

5

3,600

10

14

RUTLAND

-119.398

49.89007

77

6

2,000

20

The average daily recharging capacity of each SBRU (β) can be derived by dividing the typical
parking operational hours by the vehicle parking duration durations. In this case, the uncertainty
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of the parking durations was taken into consideration. Furthermore, the following assumptions
were made to obtain the cost of the MEH facilities and traffic growth rates:


The unit cost of land 𝐿𝐶 required for the facility was assumed based on the real-estate prices
of Kelowna (see Table 4-1). The average land requirement per SBRU was deemed similar to
the typical direct current-fast charging (DC-FC) station, which is 60m 2 [198].



The traffic demands data relevant to the 2014 household travel survey was obtained from the
municipality. Accordingly, the forecasted traffic growth from the year 2014 to year t th (𝑔 )
were assumed- 45% in 2030-Period 1 (gv1), 50% in 2040-Period 2 (gv2) and 55% in 2050Period 3 (gv3).



According to the studies conducted in BC, Canada, the light-duty electric vehicle stock was
estimated at 4% in 2020 (Rev1)



According to Axen et al. (2016), the policies-based EV growth rates can be shown as follows,
1) More than 35% EV growth with strong policies and excellent policy engagement, 2) 20% 35% EV growth due to the moderate policy performances, 3) 10% - 20% EV growth due to
the marginal policy performances, 4) 5% - 10% EV growth due to poor policy performances,
and 5) 0% - 5% EV growth due to unsatisfactory policy performances [199].



The EV growth of British Columbia in 2030 (Rev1) was assumed as 4% minimum, 5% most
likely, and 10% maximum as a percentage of the total number of vehicles in the province.



The EV growth of British Columbia in 2040 (R ev2) was assumed as 5% minimum, 10% most
likely, and 15% maximum as a percentage of the total number of vehicles in the province [200].



The EV growth of British Columbia in 2050 (Rev3) was assumed as 15% minimum, 50% most
likely, and 98% maximum as a percentage of the total number of vehicles in the province.

4.2.1

Optimal capacity planning and location-allocation model for MEHs

The objective functions were combined to derive a single fitness function f(x(i,j)) as shown in
Equation 4-1. There are four perspectives based on the multi-stakeholder ideology taken into
consideration, based on which the weighted schemes are decided. They are (1) Investors
perspective: more weight to investor cost, (2) EV owners perspective: more weight to MEH access
distance, (3) Utility’s perspective: more weight to the active parking duration and, (4) Balanced
perspective: equal weight to all the stakeholders. Due to the unavailability of survey-based data on
the perspectives, equal weights are assigned to each objective function. In a real-world scenario,
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stakeholders can define their weights based on their perceptions. Further, while creating the fitness
functions and linear scaling, transformation-based normalization was used to keep the input
parameters in range with the fitness function. The fitness function is shown in Equation 4-1. The
code developed to solve the nominal and robust problem is given in Appendix A.
Nominal Model:
𝑓 𝑥(

. )

Equation 4-1

= (𝑤 𝑍 + 𝑤 𝑍 + 𝑤 𝑍 )

Subject to,
𝑋(

, )

≥ 0, ∀𝑚, 𝑛, 𝑡

,

𝑋(

𝑋(

, )

, )

≤ β. 𝑁𝑈

= 𝑇

( , )

Where,
,

𝑍 = 𝑀𝑖𝑛 ∑

∑

𝑍 = 𝑀𝑖𝑛 ∑

∑

𝑍 = 𝑀𝑎𝑥 ∑

𝐷𝑃(

,

𝐿𝐶 . 𝑋(
𝑋(
, ) 𝐴𝑃

, )

, ) 𝑑( , )

𝑥(

+ 𝑈𝐶

,

, and

, )

β: Average daily vehicle recharging capacity of a typical SBRU (unit/vehicles)
LC : The present worth of total land rent/cost/lease per SBRU in the mth mobile-hub (CAD/unit)
X(

, ):

Total number of vehicles used nth route and get served from mth facility at time t

UCm: Utility related additional expenses of the m th facility (CAD/facility)
𝑑(

, ):

Detoured distance of nth trip (Oi-Dj) through mth MEH facility

X(

, ):

Total number of vehicles used nth route and get served from mth facility at time t

𝐷𝑃(

, ):

Percentage of the total time; the vehicle using nth route is actively connected to the grid

at the mth MEH facility
AP : The maximum time for which the vehicle allows bi-directional energy exchange at the m th
MEH facility (hrs)
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Robust Model:
𝑓 𝑥(

. )

= (𝑤 𝑍

+𝑤 𝑍

+𝑤 𝑍

Equation 4-2

)

Subject to,

𝑋(

, )

𝑋(

, )

≤ β. 𝑁𝑈

𝑋(

, )

= 𝑇

≥ 0, 𝑥(

, )

( , )

≥ 0, ∀𝑚, 𝑛, 𝑡

∀𝑚: 𝜉 + 𝛾 ≥ 𝐿𝐶 𝑥(
∀𝑚, 𝑛: 𝜉
∀𝑚: 𝜉

,

+ 𝛾 ≥ 𝑑(
+𝛾

∀𝑚, 𝑛: 𝜉

, )

, ) 𝑋( , )

≤ 𝐴𝑃 𝑥(
,

, )

≥0

∀𝑛: 𝛾 ≥ 0
𝜉 ≥0
𝛾 ≥0
𝜉

≥0

𝛾

≥0

Where,
LC : The present worth of total land rent/cost/lease per SBRU in the mth mobile-hub (CAD/unit)
β: Average daily vehicle recharging capacity of a typical SBRU (unit/vehicles)
NU : Number of DC-FC units proposed at m th location at time t
( , ):

𝑇

EV traffic demand from origin to destination at year t (vehicles/day)

𝜉 , 𝛾 : Dual variables
𝜉

,

, 𝛾 : Dual variables

𝑟 : Constant that the decision-maker can use to limit the uncertainty percentage to a desired value
Γ : Robustness budget defined to control the level of robustness in the objective
𝑑(

, ):

𝜉

,𝛾

Detoured distance of nth trip (Oi-Dj) through mth MEH facility
: Dual variables
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𝐷𝑃(

, ):

Percentage of the total time; the vehicle using nth route is actively connected to the grid

at the mth MEH facility
AP : The maximum time for which the vehicle allows bi-directional energy exchange at the m th
MEH facility (hrs)
X(

, ):

Total number of vehicles used nth route and get served from mth facility at time t

The results were obtained by solving the above nominal and robust problems using IBM ILOG
CIPLEX Studio IDE 12.10.0. The codes for the nominal and robust models are given in Appendix
A. Each simulation run required around 15 min for the nominal problem and 30 min for the robust
problem on an Intel Core i5 8th Gen ® 1.80 GHz 8 GB laptop computer.
Results
The multi-period MEH network development plan considering uncertainties is shown in Figure
4-1, and the desired locations for MEH charging demands are shown in Table 4-2. To calculate
the total investment for an SBRU in the MEH locations using the cost as CAD 108,000, which is
considered 10% higher than a uni-directional charging DC-FC unit [11]. Hence, the capital
investment cost for the proposed network is CAD 3,348,000 in 2030, CAD 9,504,000 in 2040 and
CAD 14,148,000 in 2050. The land acquisition cost for each location was calculated based on the
LCm, considering an interest rate of 2% on the mortgage payment term of 20 years and a 3.5%
inflation rate. The total capital investment for each period is shown inTable 4-3.
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Period: 2030

Period: 2040

66

Period: 2050

Figure 4-1: Multi-period improvement plan for MEH planning for Kelowna, BC-based on the
robust model considering 50% uncertainty
Table 4-2: Yearly MEH capacities by number of charging units
Location ID

Neighborhood

Nominal Model

Robust Model (50% uncertainty)

2030

2040

2050

2030

2040

2050

1

LAKESHORE/PANDOSY

0

0

4

0

1

7

2

UNIVERSITY PLAZA

3

10

10

3

10

10

3

MCCURDY CORNER

0

0

1

0

0

1

4

COOPER CENTRE

0

0

0

0

0

0

5

BANKS-SPRINGFIELD

0

1

10

0

1

10

6

CAPRI CENTRE MALL

7

16

16

8

16

16

7

ORCHARD PLAZA

6

10

10

6

10

10

8

SPALL PLAZA

1

1

16

1

1

16

9

GLENMORE

3

20

20

4

20

20

10

RICHTER

0

0

1

0

0

1

11

CLEMENT

1

2

10

1

3

10

12

SPRINGFIELD

0

0

0

0

0

0

13

BANKS

1

6

10

1

6

10

14

RUTLAND

7

20

20

7

20

20
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Table 4-3: Total periodical investments

Total SBRUs
Capital cost
Land cost - Annual
Mortgage

Nominal Model
Robust Model (50% uncertainty)
Period 1: Period 2: Period 3: Period 1: Period 2: Period 3:
2030
2040
2050
2030
2040
2050
29
86
128
31
88
131
$3,132,000 $9,288,000 $13,824,000 $3,348,000 $9,504,000 $14,148,000
$216,125

$285,745

$172,853

$230,843

$284,647

$175,967

The framework results indicate that the MEH locations are located near places of interest to the
public, such as malls and shopping centers. Hence, the MEH locations are located on the routes
where traffic density is high, and the EV charging demands need to be met. Further, the selected
MEH locations are close to places of interest where EV owners would park their cars for long
periods. The vehicles can then be plugged in to serve as a grid connection.
Further, there is a ~1% difference between the investment costs of the robust and the nominal
model. This indicates that the min-max method used to develop the robust model does not cause a
massive increase in the investment cost and attains a significant robustness level. In comparison,
scenario-based methods used to incorporate uncertainties lead to an enormous increase in
investment.
The MEH network will behave like a distributed energy storage system using the batteries of EVs
for energy storage. Considering that EV owners will have apprehensions about sharing energy
equivalent to the battery's total capacity, the energy sharing limit will be set at 60%, allowing for
emergency use of the EV. The total energy storage capacity of the network considering the battery
of a Nissan Leaf (2021) with 40 kWh capacity and 80% state of charge would be 5.952 MWh in
2030, 16.896 MWh in 2040, and 25.152 MWh in 2050, as shown in Figure 4-2. The additional
energy storage can be used for demand-side management and the integration of intermittent
renewable energy systems (wind, solar) into the grid.
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Figure 4-2: Grid energy storage capacity added due to MEHs per period
Further, the developed framework shows the deployment of a bi-directional charging network for
the City of Kelowna. However, while considering a unidirectional charging network where the
V2G concept would not be incorporated, the total number of charging stations would be 19.6%
less for 2030, 3.3% less for 2040, and 1.2% less for 2050 when compared to the bi-directional
charging network deployment plan.
The study results indicate that the life cycle costs of the network were minimized by selecting the
optimal locations amongst the locations proposed in the pre-feasibility study for development as
MEHs. The framework also improves infrastructure utilization and increases service coverage by
implementing demand-induced infrastructure development. Furthermore, the proposed model
incorporates weights for all concerned stakeholders, hence considering their interests. These
weights can be modified based on varied perspectives from survey data.
Discussion
4.4.1

Model validation

The proposed framework needs to be validated to ascertain its efficiency and reliability compared
to the conventional approaches. Currently, there are no models to predict future charging demands
based on the multi-period EV growth rates, and the planning practices are followed based on expert
opinions rather than implementing a scientific framework [11]. Further, there are no tools or
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guidelines available to improve their efficacy. Hence, a scenario-based approach was followed to
compare the results obtained from the developed model with various uncertainty scenarios.
Table 4-4: Uncertainty values in a scenario-based robust approach (%)
Scenario
a

Δ𝐿𝐶

b Δ𝑑(
c

, )

Δ𝐴𝑃

1

2

3

4

5

6

7

8

9

10

11

12

+50

+50

+50

+50

+50

+50

0

0

0

0

0

0

0

0

0

+50

+50

+50

0

0

0

+50

+50

+50

+50

0

-50

+50

0

-50

+50

0

-50

+50

0

-50

Where,
ΔLC : The change in present worth of total land rent/cost/lease per SBRU in the mth mobile-hub
(CAD/unit)
Δ𝑑(

, ):

The change in detoured distance of nth trip (Oi-Dj) through mth MEH facility

Δ𝐴𝑃 : The change in maximum time for which the vehicle allows bi-directional energy exchange
at the mth MEH facility (hrs)
To evaluate the developed min-max robust MEH optimization model, the results are compared to
a simplified version of the Taguchi Orthogonal Array (TOA) scenario-based simulation method
[197,201,202]. This technique was used to develop scenarios considering the large data set. As
seen in Table 4-4, the scenarios were created based on combinations of the uncertainty range
boundaries for each objective function, where a is the range boundary for life cycle cost, b is the
range boundary for access distance, and c is the range boundary for active parking duration. Since
there are 32,976 routes generated for the City of Kelowna using Arc-GIS, the simplified TOA
scenario-based method reduced the number of scenarios developed. The Monte Carlo Simulation
technique would have required sizeable computational power for recurring simulations. Therefore,
the proposed validation method reduced the time needed to complete the study.
As seen in Figure 4-3 and Table 4-5, the total cost has been calculated for each of the developed
scenarios by considering 50% uncertainties in cost, distance, and parking durations for the year
2050. The developed scenarios applied to the nominal model yielded the given costs.
The total cost with the proposed robust MEH optimization model considering a robustness budget
of 50% is less than the costs calculated from various scenarios in the scenario-based approach.
Therefore, the proposed robust model attains the required robustness with a minimal increase in
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the investment cost, which is the main advantage of the min-max robust model and demonstrates
its merit for MEH optimization under uncertainty.
Moreover, considering only the investment cost for the developed scenarios under 50%
uncertainties for the year 2050, the highest cost is seen for scenario number 7, which is $6,178,245,
and the minimum is almost $6,152,000. Nonetheless, the total cost with the proposed robust MEH
optimization model under uncertainties of 50% is $5,745,307.74, which is lesser than the robust
cost calculated from the scenario-based approach. Further, the total investment cost obtained from
the robust model is ~1% greater than the investment obtained for 2050 from the nominal model.
Therefore, the proposed robust model attains the required robustness with a minimal increase in
the investment cost, which is the main advantage of the min-max robust model and demonstrates
its merit for MEH optimization under uncertainty.
Table 4-5: Normalized cost scenarios for the developed MEH plan (2050)
Scenario ID

Normalized Cost (units)

Robust

-203761.6138

1

-185356.0565

2

-86725.3458

3

7786.3931

4

-140090.3599

5

-43992.9432

6

45888.2509

7

-192139.4447

8

-93393.5732

9

1508.0957

10

-146817.9381

11

-50575.9268

12

39595.2940
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Normalized Cost (units)

40000
-10000
-60000
-110000
-160000
-210000

Scenario ID

Figure 4-3: Total normalized cost scenarios (2050)
4.4.2

Model limitations

Applying the proposed model on the data obtained from the City of Kelowna has shown that the
developed robust model accounts for the uncertainties, and its performance is better than the
scenario-based approach. The model provides the optimal investment for a MEH network over a
defined period. The process outlined in conjugation with an appropriate contracting strategy can
help attain the objectives.
The analysis shows that pre-screened locations were used as the potential MEH facilities based on
pre-defined factors. However, the locations can also be identified using geoprocessing tools on the
municipality map. This method would lead to increased simulation time and computational costs.
Further, the selected locations may not always be feasible due to a lack of land availability and
cost factors.
The developed model can be further improved by carrying out a time series-based study. The study
can include the variations in the load impacts of the grid, and the MEHs can be utilized to store or
provide electricity depending on the time of the day and grid requirements. This methodology
would require the planners to access the necessary data such as geographic maps, growth rates in
the municipality, and cost factors. The model is heavily dependent on accurate data available to
ensure that the correct decisions are made.
Considering the proposed methodology, implementing the vehicle-to-grid concept is still not
widely accepted on a large scale due to low EV ownership, cost of batteries, social stigma, and
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degradation

due

to

charging
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discharging

cycles.

Many

researchers

[44,117,124,127,203,204] have indicated the benefits of V2G for demand-side management and
integration of renewables into the grid; however, it still needs to be implemented on a large scale.
As a future work of this study, the economic feasibility of MEHs based on policy impacts and
behavioral changes can be carried out to understand the prospects of this novel technology. The
study considers a scenario where V2G is acceptable to all EV owners based on agreements with
the utilities or charging infrastructure developers. However, it would not always be the case as
V2G participation would vary amongst EV owners in society. Hence, considering levels of V2G
participation from the EV owners, a scenario-based approach can be developed to assess the
change in investment patterns based on stakeholder acceptance of the V2G concept. Further, other
solutions for managing large-scale electrification, such as incentivization, real-time pricing,
renewable energy integration, and demand response, can be modeled in the policy-making
hierarchy of the planning problem.
Summary
A novel methodology was introduced to identify desirable locations for future MEH facilities that
support the electricity grid while reducing existing barriers for transport electrification. The
optimal locations were decided upon by ensuring that there is room for capacity expansion
depending on the EV growth-induced charging demands over the future years. The designed
methodology consists of five key phases: 1) Data collection and database development; 2) MEH
site screening to determine the acceptable locations based on capacity expansion and grid access
capabilities; 3) Temporal modeling of EV demands for MEHs 4) Location allocation nominal
model using multi-objective optimization; 5) Conversion of the developed nominal optimization
model to a robust optimization model considering uncertainties.
The developed model was demonstrated by implementing a case study to locate the optimal MEH
locations and capacities for Kelowna, British Columbia. The case study results were validated by
using a scenario-based approach similar to the Taguchi Orthogonal Array (TOA) method. This
framework would be helpful for policymakers at various governmental levels, investors in EV
recharging infrastructure to plan facilities based on predicted demands, and utilities to understand
the electricity demands. Finally, conclusions were drawn from this study to understand the future
work to be carried out in this regard.
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The proposed framework could reduce investment costs, create a strategic approach for staggered
infrastructure investments over the years, maximize infrastructure utilization throughout the
defined life-cycle (until 2050), understand the electricity demands from the grid, and negate the
potential barriers to widespread EV adoption. The implementation of the MEH concept would help
implement several demand-side management schemes and augment transition to EVs based on
incentives/rewards. Furthermore, the developed plan can be generalized for other upcoming
alternative fuel-based transit technologies.
The total cost with the proposed robust MEH optimization model under uncertainties of 50% is
lesser than the robust cost calculated from the scenario-based approach. Therefore, the proposed
robust model attains the required robustness with a minimal increase in the investment cost, which
is the main advantage of the min-max robust model and demonstrates its merit for MEH
optimization under uncertainty. The case study results showed that the model proposed a plan for
capacity-based allocation of charging stations at pre-defined MEH locations.
Accordingly, this model can optimize the life cycle costs, incorporate uncertainties during
planning, meet the required demands, ensure a phased investment strategy for developers, improve
MEH accessibility, and help the public utility balance peak loads by providing maximum energy
exchange. The operation of EVs in conjunction with the vehicle-to-grid concept solves a two-fold
problem; it is an enabler for transition to transport electrification and increases the penetration of
RE systems into the grid. Hence, to support the adoption of EVs, a scientific planning framework
of MEHs can be considered as a critical enabler to improve the sustainability of the transportation
and power generation sector.
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Chapter 5: Role of stakeholders in the wide-scale adoption of bi-directional
charging
Background
Electric vehicles (EVs) are being used to decarbonize the transportation market, which has piqued
lawmakers' and professionals' interest. EVs, however, have not been desirable to car customers or
infrastructure developers due to a lack of a reliable charging network, limited vehicle coverage,
higher switching costs, and a lack of future infrastructure expenditures. Although EVs have
immense promise as alternative clean-fuel cars in Canada, the EV sector is currently in its infancy
due to the restrictions listed above.
The adoption of EVs into society has shown a promising trajectory. In Canada, the market share
for ZEVs has been on the rise over the past decade. British Columbia has the largest market share
of ZEVs at 8.4%, followed by Quebec (6.7%) and Ontario (2%). As seen in Figure 5-1, ZEVs as
a proportion of new vehicles registered in Canada has increased from 0.03% in 2011 to 3.59% in
2020 [205]. COVID-19 has also impacted new ZEV registrations, and the growth in their market
share has been limited. In 2020, roughly 4.4 percent fewer ZEVs were sold in comparison to 2019
[206].
4.00%
3.50%

ZEV Sales (%)

3.00%
2.50%
2.00%
1.50%
1.00%
0.50%
0.00%
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Year

Figure 5-1: ZEVs as a proportion of new vehicle registrations
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In the future, ZEV numbers are expected to rise as policies to support and stimulate their adoption
are implemented on a larger scale. Canada’s ZEV adoption has been accelerated by providing
governmental incentives and subsidies that reduce vehicle ownership costs. These demand-side
policies have been implemented through the Transportation Electrification Action Plan in Quebec
[207], Clean Energy Vehicle Program in British Columbia [208], and Ontario’s Electric Vehicles
Incentive Program [209]. Further, with provinces and metropolitan regions releasing 100% new
ZEV sales mandates, the transition to electrified transport has augmented, and EVs will become
ubiquitous in society.
Large-scale transition to EVs can eliminate tailpipe emissions; however, it does lead to another
problem, i.e., managing EV charging loads. The current EV charging patterns indicate that most
charging occurs at home during the evening hours. The existing power grid infrastructure would
need to be reinforced and upgraded through massive investments to accommodate these demands.
Further, to avoid these large-scale investments, utilities can also use EV batteries to manage the
loads and provide auxiliary services to the grid. However, this would require the synergistic
integration of EVs with the power systems to develop a symbiotic relationship. The
implementation of V2G on a grid-scale would need the development of effective policies first, for
the adoption of EVs, and second, for developing a business case for vehicle-to-grid.
This research proposes to fill a critical gap in bi-directional recharging infrastructure for urban
centers. The study demonstrates the capability of EVs for energy storage on a grid scale and their
ability to transform the electricity distribution sector. This study created decision support tools for
locating and expanding bi-directional recharging infrastructure networks while considering multiperiod public recharging demands, sustaining expected EV demand, and encouraging investors to
invest in public recharging infrastructure networks. The study's findings provide a scientific basis
for long-term public recharging facility development, operation, and management. The suggested
framework may be used by the Canadian government and utilities responsible for the
implementation of recharging networks to enhance electrified transportation by analyzing and
defining the most desired long-term plans and practices. This would enable deep decarbonization
of the transport sector and help attain federal and provincial GHG emission reduction targets.
The planning framework developed in Chapter 3 and the results of the case study shown in Chapter
4 are essential to demonstrate grid scale energy storage capability through EVs. However, it is
imperative to assess the efficacy of the decision support tool; by looking at the barriers to large76

scale deployment. Further, to identify the gaps in funding mechanisms for the developed
framework to be implemented in real-world scenarios. The recommendations provided in this
section highlight the importance of policies to accelerate the transition to EVs and incorporate bidirectional charging mechanisms by considering all stakeholder perspectives.
The payback method is commonly used to assess the financial viability of a project over a
particular period. The payback period is the amount of time it takes for an investment to hit a
break-even rate. The discounted payback method also accounts for the time value of money. The
attractiveness of expenditure is proportional to its payback time. Shorter payback periods imply
more attractive investments. It is hence used as a decision support technique to judge if the
investment should be made or not. In most scenarios, the payback period is high in the initial
investment phase, and it reduces gradually as the demand increases. Considering this, the
discounted payback method is applied to the results of the framework shown in Chapter 5 to
understand the payback periods and suggest recommendations accordingly.
Methods and Procedure
In Chapter 3 and Chapter 4, the framework optimized grid-scale bi-directional charging facilities'
locations through multi-criteria decision-making tools. The framework incorporated uncertainties
in the decision variables (cost, distances, and active connection times) and demonstrated the ability
of the MEH network to serve as distributed energy storage systems. This would help manage EV
charging loads and reduce the investments in grid infrastructure for the utility. The nominal and
robust optimization models were compared to show the variation in investment costs for setting
up the bi-directional recharging facilities.
The ability of the framework to provide benefits to the stakeholders can be assessed through the
payback period, i.e., the time it takes to recoup the expense of investment. This section aims to
evaluate the results obtained from the case study to assess the payback time of the assets.
Further, based on the outcomes, this section suggests the strategies to support the large-scale
adoption of EVs and V2G.
5.2.1

Payback period

The time it takes for an initial investment to be reimbursed by cash inflows caused by the
investment to return is termed as the payback period. It is one of the most basic techniques for
investment assessment.
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𝑃𝑎𝑦𝑏𝑎𝑐𝑘 𝑝𝑒𝑟𝑖𝑜𝑑 =

𝑰𝒏𝒊𝒕𝒊𝒂𝒍 𝑰𝒏𝒗𝒆𝒔𝒕𝒎𝒆𝒏𝒕
𝑵𝒆𝒕 𝑪𝒂𝒔𝒉 𝑭𝒍𝒐𝒘 𝒑𝒆𝒓 𝑷𝒆𝒓𝒊𝒐𝒅

Equation 5-1

Given that the cash flow forecasting is highly reliable for the subsequent periods but, due to
financial and operative uncertainty, comparatively unreliable for the next few years, the repayment
period indicates project risk as initial inflows will be considered. However, cash flows will be
ignored after the original expense is restored.
One of the major problems of a simple reimbursement cycle is that it ignores the capital's temporal
value. The discounted payback period is created to overcome this limitation and accounts for the
value of the money by cutting the project's cash inflows at an adequate discount rate for each
period.
𝐷𝑖𝑠𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝐶𝑎𝑠ℎ 𝐼𝑛𝑓𝑙𝑜𝑤 =
𝑃𝑟𝑒𝑠𝑒𝑛𝑡 𝑉𝑎𝑙𝑢𝑒 𝐹𝑎𝑐𝑡𝑜𝑟 =

(

𝑨𝒄𝒕𝒖𝒂𝒍 𝑪𝒂𝒔𝒉 𝑰𝒏𝒇𝒍𝒐𝒘
𝑷𝒓𝒆𝒔𝒆𝒏𝒕 𝑽𝒂𝒍𝒖𝒆 𝑭𝒂𝒄𝒕𝒐𝒓

Equation 5-2
Equation 5-3

)

Where,
i is the discount rate;
n is the period to which the cash inflow relates
Hence, discounted cash flow is then the product of actual cash flow and the present value factor.
𝐷𝑖𝑠𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑃𝑎𝑦𝑏𝑎𝑐𝑘 𝑃𝑒𝑟𝑖𝑜𝑑 = 𝐴 +

𝑩
𝑪

Equation 5-4

Where,
A = Last period with a negative discounted cumulative cash flow;
B = Absolute value of discounted cumulative cash flow at the end of period A; and
C = Discounted cash flow during the period after A.
Results
This section presents the payback periods for different cycles for phased investments in the
planning process for bi-directional charging facilities. Based on the case study presented in
Chapter 4, the capital and operating assets are incorporated into the discounted payback period
method.
5.3.1

The payback period for MEH planning: A case study for City of Kelowna

The SBRUs required to meet the charging demand for each MEH location are results of the
demand-based capacity optimization model developed in Chapter 3. Based on the case study for
the City of Kelowna, the investment costs are obtained for each planning phase. The investment
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costs consider localized land and electricity cost data. Table 5-1 shows the annual cash flow per
period for each planning phase.
Table 5-1: Investments for MEH network based on the case study
Period

2030

2040

2050

Total SBRUs

31

88

131

Capital cost

$3,348,000

$9,504,000

$14,148,000

Land cost - Annual mortgage

$230,843

$284,647

$175,967

Electricity cost - Annual

$267,840

$760,320

$1,131,840

Revenue - Annual

$949,716

$2,695,968

$4,013,316

Annual cash flow per period

$451,033

$1,651,001

$2,705,509

The investments are calculated considering 80% energy exchange with a Nissan Leaf (2021)
battery which is 40 kWh. Nissan Leaf is chosen for this study because it is the world’s most sold
electric vehicle and allows for grid integration. The SBRU’s present in each MEH location can
accommodate ten cars per day. Further, the Tier 2 electricity rate of 0.15 CAD/kWh is assumed
for the electricity costs. The mortgage term for the land on which MEH locations are built is
considered 20 years. The discount rate for calculating the payback time is 3.5%. As seen from
Table 5-1, the net cash flow increases over the years due to increased charging demand and
revenue. These cash flows are incorporated to estimate the discounted payback periods.
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Figure 5-2: Discounted payback period for MEH investments
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Figure 5-2 shows that owing to the small number of users and capital expenses needed to start up
this installation; the anticipated MEH network payback time would be longer at the beginning of
the acceptance process. As EV matures and the investment alternatives and incentives for
infrastructure investors are more reduced. This payback will be more eroded.
Therefore, in the early phases of implementation, financial incentives and governmental agencies
must minimize the reimbursement time. Reduced original loan investment, default mortgage
payment arrangements, government tax benefits, public-private incentive programs, and
collaborations can reduce payback periods obtained above by building fast-charging EV facilities.
The modest reimbursements might promote future investments, better filling the existing and
projected reloading infrastructure shortfall in the region.
Further, it is essential to note that the proposed network also provides distributed energy storage
for integrating renewables and managing peak loads using EV batteries. Currently, grid-scale
energy storage is expensive and is estimated to be 785 CAD/kWh, according to the U.S Energy
Information Administration [210]. The proposed network would allow utilities to store and use
energy based on demand-response signals within the distribution grid. The potential investments
in grid energy storage saved due to MEH deployment based on the case study are shown in Table
5-2.
Table 5-2: Potential investments saved due to increase in grid storage capacity
Period

2030

2040

2050

Capacity added (MWh)

5.952

16.896

25.152

Grid storage investment (CAD)

$4,672,320

$13,263,360

$19,744,320

The payback times indicate that the proposed planning framework for setting up bi-directional
charging facilities can serve as a business case for utilities and charging infrastructure companies
to delve deeper. Furthermore, depending on the maturity stage of the EV industry, the proposed
solution can be carried out using an acceptable project management system and contracting
technique. The selection of a suitable project delivery procedure is one of the primary decision
methods for effective project implementation. Any of the feasible project management approaches
that can be used to ensure effectual network rollout for the urban context include public-private
collaborations, design-built-finance-operate-transfer, build-own-operate-transfer, and built-ownlease-transfer. Furthermore, this analysis can be supplemented with a comprehensive investing
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structure that illustrates the effects of the various variables used in this study. This system will be
used to establish strategies and best practices to improve the efficiency of infrastructure projects.
Since electric utilities would be majorly benefiting from grid integration, the role of electric
utilities and government is critical to stimulate the growth and acceptance of V2G. Utilities can
begin developing programs to understand consumer acceptance of V2G in the future to gain an
insight into the market. Further, discussions with regulatory authorities and governments are
essential to appraise them of the potential of V2G and using EV batteries as DERs. Small-scale
pilot programs using fleet vehicles integrated with the grid could be implemented to assess the
possibility of large-scale grid integration. Electric utilities and regulatory authorities should work
together to determine the financial viability of V2G for localized areas based on the investments
needed to upgrade grid infrastructure and the value proposition grid integration brings. The
adoption of the V2G concept is directly dependent on the adoption of EVs in society. Hence,
programs for DSM using V2G would be developed based on the maturity of the EV market.
Based on expected EV market demand, the approach assists planners in determining complex
shifts in capacities, prices, payback times, and the location of MEH facilities. The main inputs that
vary depending on the municipality are site selection data and municipality data (geographic maps,
route network). As a result, adopting this approach to various municipalities is relatively easy and
requires little experience. Furthermore, the suggested number of SBRUs is based on the predefined average effective recharging capability of an SBRU port per day, which can differ
depending on local trip behaviors.
The system can be simulated utilizing the preset parameters to decide the desired strategy for a
multi-stage implementation phase. To optimize unidirectional and bidirectional loading stations,
time-based EV load rate rules can also be applied. As part of the scenario plan, these techniques
may be simulated to establish the time-based recharge methods for public MEH installations. This
will enhance the efficiency of the current infrastructure and decrease MEH expenses over the long
term. Furthermore, a minimum payback period is indicated for infrastructure development.
5.3.2

Role of stakeholders for accelerating bi-directional charging schemes

Over the past decade, the growth of EVs has led to the development of new technologies to manage
their impact on the existing electricity grid. However, due to the conflicting perspectives of
stakeholders to accomplish their business cases, the uptake of these technologies has been low. In
the bi-directional charging ecosystem, currently, there is a need for cooperation amongst various
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entities. The role of each stakeholder is essential to ensure the wide-scale adoption of bi-directional
charging, which would allow the development of new business cases and unveil the vast potential
benefits of V2X technologies. The stakeholders involved in the V2G ecosystem are depicted in
Figure 5-3.

Figure 5-3: Stakeholders involved in the vehicle-to-grid ecosystem
5.3.2.1

Electric utilities

The implementation of new technology and business models faces complex financial and
regulatory challenges to all electrical utilities. These obstacles undoubtedly apply to V2G
applications that present new technological challenges, such as non-traditional interoperability
needs, fast-developing requirements, uncertain consequences for battery life in long-term electric
vehicles, and low network latency demands. The challenges to non-technology include the lack of
accessible investment funding, more burden-filing, unclear responsibility and accountability for
grid dependability and uncertainty over forward-looking capacity market prices, and political
disturbance to the current situation. Included in their ownership structures are three distinct
classifications: (1) an electric utility owned by investors, (2) a municipal utility, and (3) an
unregulated utility. Each utility has a significant interest in technology implementation that
promotes the interests of its stakeholders. They can use DR load management techniques to
minimize costly wholesale electricity to fulfill the load during peak operating system periods.
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Provisions generally react when motivated by economic repercussions or regulatory obligations
by innovation (a form of potential economic impact). For two primary reasons, companies consider
PEVs' bidirectional power flow desirable in the V2G system: (1) as storage and intermittent
renewables load-bearing platform and (2) as a way of meeting the requirements of grid
support/access service. These sections discuss the unique justification for using V2G from the
point of view of electricity.
Renewable energy storage: Lack of economical storage of power is regarded as a hindrance to
quicker adoption of renewable energy. Furthermore, electricity produced from an intermittent
renewable energy source (e.g., wind or solar) cannot coincide with the daily highest use. This
intermittent nature might disrupt the system and result in low renewables wholesale pricing. This
decreases the equivalent impact of the return on investment necessary for the realization of the
project. However, if the energy storage systems (ESS) in PEVs could be employed as electric
energy storage medium at the correct time for the electricity generation and postponed sales could
be linked to the grid if sufficient numbers of PEVs qualifying for V2G were connected.
It may be difficult for renewable resources to be unpredictable by themselves (such as wind power
output). There are cases where the system can be overrun with a surge of wind power in specific
situations (such as Denmark when 20 percent of electricity demand can be covered by wind power.
Furthermore, a lack of wind will produce a lack of accessible energy due to its unpredictability. If
PEVs are not connected to the power grid, car batteries can operate in surplus/deficit renewable
energy scenarios as a dispersed storage facility. If excess energy power PEVs are linked to the grid
during peak energy demands every day, renewable energy may be sent to the grid quickly, and the
need for incremental peak power plants is reduced. If electricity is stored during low usage hours,
such as at night, the energy demand can be postponed to counterbalance greater demand times,
flattening the system load curve. It is hoped that the V2G would enable both PEV and renewable
sources to operate synergistically, contributing to an increased market penetration both in PEVs
and in renewable energy.
Grid support: The grid support for V2G might be helpful for two primary categories. The first one
is to provide maximum power because it is a costly requirement for utilities to satisfy requests for
peak electricity now. If car ESSs are charged during off-peak and then selectively released to
"shave the peak," the utility might renounce the need to launch an intermediate plant to reduce
operating and maintenance expenses and provide considerable environmental advantages.
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Sometimes peak power plants are only used a few hours a year. Providers have a high predictive
power to plan peak loads (mainly during the summer due to air-conditioning load). The potential
to engage distributed storage and regular demand response assets (DR) gives a cost-effective and
clean solution to costly and capital-intensive generators. The cost-benefit of a V2G system as a
substitute for a high-speed plant depends on the power plant mix, location, and demand. The exact
requirement to build peak plants can be avoided, and delayed investing in the infrastructure can
save millions of dollars.
The second class is the operational reserve system V2G. In case of a generator failure or other
power supply interruptions, the operational reserve is the generating capacity available for the
online supply within a short period. Fast reaction times, perfect power delivery, and usual shortterm usage of operating reserve plants are required; these conditions precisely match ESS vehicles'
capabilities. For all 8 760 operational hours of the year, companies must have access to running
reserve plants.
5.3.2.2

Vehicle original equipment manufacturers

In a highly competitive global car industry, vehicle makers confront tremendously significant
economic problems. It is still necessary to verify the establishment of PEV as a manufacturing
platform by customer demand. In order to assure substantial market acceptance of a new product
platform, large capital expenditures have been undertaken for research and development and
manufacturing tools. Several OEMs have entered into solid commitments in this field, and the
early market response is favorable but restricted. But V2G adds battery life and capacity
unpredictability. Demonstrator testing and profitability feasibility to evaluate whether this makes
sense for OEM and the battery supplier will likely be necessary to establish the idea. Independent
battery pack evaluation in the deep load support cycle or accessory service cycling will help the
motivation of carmakers to deliver V2G capabilities. This test will lead to the battery being
monetized and so equip the carmaker with V2G.
Certain OEMs wish to take part in V2G testing. They will thus undertake to provide the onboard
technology and to communicate the tests. But proof-of-concept testing is just the start of what new
choices supplied by OEMs might be created. Vehicle options usually have a wide-ranging
consumer appeal on the market, and that can only happen for V2G unless the necessary standards
and codes are sufficiently similar across all markets to boost financial incentives and customer
awareness. When these milestones are met, the OEM can encourage the addition of V2G capacity
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as an option to other OEMs. In the context of some applications, for example, in fleet operations
where fleet owners can purchase cars and EVSE, with that V2G option, initial proof of concept
success may be extended to a single class of vehicles, in the knowledge that local regulations and
standards can be fulfilled.
In general, the PEV OEMs are hesitant to allow any control other than the powertrain control
system of the vehicle to discharge the energy from the battery. This ensures that the battery
function is constantly linked to additional kilometers added to the rating, which helps reduce the
guarantee obligation. It also guarantees on-board control of components that fulfill the highperformance criteria for dependability. The additional danger arises if the ESS is opened to
external control interfaces (i.e., pricing or control signals provided by utilities or aggregators).
There is a minimal benefit that compensates for the risk at this stage in the PEV design life cycle
and the industry's maturity. This will make it more difficult for OEMs to understand if the owner
would choose to participate in V2G activities before the vehicle is delivered. Accordingly, they
need to offer V2G operations or basic warranty in other metrically, such as the number of battery
cycles, to all cars of the lengthy vehicle service.
5.3.2.3

Plug-in electric vehicle owners and operators

PEV owners are motivated by a mixture of risks and impact-balanced advantages. The motivations
include monetary, environmental, and grid benefits for the average customer. The implications on
battery life and warranty influence the availability of cars and facility of use must be evaluated.
The reason might vary with local environmental legislation and network reliability of fleet owners
with various vehicles. Fleets will focus mainly on the vehicles which can still fulfill their assigned
obligations within their commercial activities. If this means that their vehicles are unavailable for
their use, no fleet will sign up to join V2G. Automation and influence on operations in the fleet
scenario are essential components. These driving elements and issues apply to workplace and
residential AC or DC level 2 connections and publicly available units.
There are still many barriers to V2G to the perceived benefits. Even if a monetary gain is
anticipated, any V2G program offering a client payment will have to be explicitly specified.
Customers must understand if the program uses their services or whether they need to register
through an EVSP program from a third party. The consumer would like to know how often they
get paid and how much. Environmental and grid benefits for most users are likely secondary to
monetary motivations. Many clients only want to adopt ecologically sound measures if they are
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cheap and convenient. However, many of the early users of PEV technology are considered to be
ecologically motivated clients. Thus, it may be deducted from possible environmental
consequences such as late capital investment in new-generation facilities and the support of
renewability that these early adopters would be early users of V2G technologies. Likewise, most
customers do not know much about possible grid advantages, but early adopters are frequently
technologically savvier and would join V2G since it supports the grid and helps to ensure
dependability. This is particularly true for any V2H function (or V2B for fleet users). Moreover, a
small number of clients will be included in the first phase merely to prove that the technical aspect
is new and V2G is feasible.
PEV owners have a lot to gain from a good education and outreach campaign overall. The vehicle
owner may be motivated to enable his vehicle to engage in V2G operations through special utility
rates as long as they do not influence their regular travel patterns. Consumers must be adequately
trained and agree to technology to accelerate the acceleration of V2G acceptance. Information
concerning off-peak charging and its favorable influence on the stability of the load must be readily
available to PEV owners. Further, education is needed on the supply of energy from the battery to
the grid. A well-informed customer can generate market demand for this option in OEM
automobiles with positive demonstration testing.
5.3.2.4

Regulatory authorities

Utility regulatory limitations will make executing V2G technology problematic. In order to
guarantee that utilities charge their clients with a reasonable rate, regulatory constraints are in
place, whereas profit and value of the investment are seen. With environmental and fuel restrictions
increasing, new options are emerging as feasible alternative regulation schemes (e.g., integrated
resource planning, income decoupling, or cost recovery methods). These new options consider
environmental consideration and the ideal inclusion in the supply mix of renewable resources.
Since any PEV operator will be able to store and sell energy back into the grid, early load stability
will be more challenging for utilities. Although high-power plants are still in operation, the
inclusion of PEVs delivering power in the grid might lead to an extra price and a situation where
utilities' profit can become increasingly challenging. As stated previously, retailers usually restrict
the fortuitous selling of power in most provinces. Although a battery charge might be regarded as
a service made available via electricity, the capability to resell that stored power on the markets
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through V2G is much different. These problems are presently being discussed in the whole
regulatory community and will be subject to considerable public scrutiny.
The provision of demand charging in most commercial price structures is one of the regulatory
methods used for maintaining grid stability and assuring utility profitability. This charge is set
when the installation pulls electricity over a default threshold. For light commercial installations,
the price is strongly dissuasive for the hosting of public charging facilities. In particular, demand
charges are expensive when consideration is given to the high power of DC Level 2, where the
demand charges may be the predominant percentage of the charging.
Summary
The current provincial and federal policies indicate extensive scale vehicle electrification in
Canada. These policy instruments in the form of rebates and incentives are accelerating the
transition to EVs. However, a nationwide federal EV mandate is still needed to reinforce the
government’s commitment to the targets set forth. The existing barriers to the adoption of EVs can
be eliminated through the particular implementation of these policies.
In expanding the public availability of electrical transport recharges, recharging infrastructure
deployment plays a significant part. Mobility using clean energy requires an extensive network of
charging stations. Although customers are unwilling to buy EVs until chargers are adequately
positioned, investors are not ready to invest in refueling infrastructure owing to doubts about the
recharging demand. The uptake of EVs has been exceptionally high in societies where range
anxiety amongst car owners has been eliminated through a widespread recharging network. The
planning of MEHs through the developed framework looks to solve this problem through a
scientifically planned network. The MEHs also serve as locations for energy exchange with the
grid using EV batteries.
The analysis results indicate that the payback periods for the investment in MEH development are
high in the initial years; however, it reduces as the maturity level of the EV market increases.
Hence, to stimulate the market in the long term, governments would have to incentivize
developers. This would help reduce the payback periods and engage private entities in the market.
Further, the potential of V2G can be realized through regulatory frameworks supporting the
development of large-scale grid integration in the future. Regulatory authorities and system
operators can implement these recommendations for developing pilot studies by encouraging
electric utilities. Utilities should take the lead to develop business cases and promote partnerships
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with vehicle OEMs to provide bi-directional charging enabled vehicle models. Overall, the concept
of grid integration can decarbonize the transportation sector through electrification and the power
sector through grid-scale energy storage using EV batteries.

88

Chapter 6: Conclusions and Recommendations
The increasing apprehensions towards reducing GHG emissions in the road transportation sector
have raised the need to transition to clean fuel-based transportation. Amongst the existing
technologies providing efficient and safe mobility, electrification of transport seems to be the most
appropriate option. The ability of EVs to eliminate tailpipe emissions when powered by electricity
generated through a clean energy source has been widely heralded. The technology has also
reached a stage of maturity, and its adoption is growing. Hence, the uptake of EVs is expected to
grow over the upcoming years. However, the wide-scale transition to e-mobility will lead to
extensive charging demands on the existing grid infrastructure. Hence, to manage these loads, it is
imperative to assess the viability of vehicle-to-grid integration schemes. The study has highlighted
the current barriers to the acceptance of the V2G concept.
Further, the developed framework for planning MEHs in urban centers accounts for the interests
of the significant stakeholders and provides an EV uptake-based capacity expansion allocation.
The findings of this study would help concerned stakeholders such as utilities, governments, and
charging infrastructure developers formulate policies and make strategic investments. This would
accelerate the transition to electric mobility and therefore reduce the GHG emissions of the
transportation sector.
Summary and Conclusions
The following is an overview of the essential findings and the research parts.
Chapter 2: Transport electrification and the vehicle-to-grid concepts were comprehensively
reviewed. The literature study findings have been utilized to determine the research gaps and needs
for a life cycle planning model based on thought to define the SBRU capabilities.
Chapter 3: A framework was developed to plan for locations of MEHs and devise planning
strategies based on dynamically changing charging demands. This framework is based on a multicriteria optimization approach which accounts for the perspectives of major stakeholders involved.
The developed nominal model was modified to accommodate uncertainties in the input variables
and achieve robustness. Infrastructure developers can use the method to incorporate a scientific
planning methodology in their planning of charging infrastructure. Further, the model could be
used for developing use cases for profitable business plans. This framework would provide
regulatory agencies an insight into the developing ecosystem of bidirectional charging and help
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them formulate policies for future planning. The programs of utilities could also benefit from this
research and begin developing MEHs for the future.
Chapter 4: It presents a case study based on the developed model applied to a medium-scale urban
center in British Columbia. The case study demonstrates the applicability of the model to a
metropolitan region. The life cycle thinking approach incorporated in the model shows long-term
economic impacts to the system based on phased investments. The case study results indicate that
the robust model (50% uncertainty) accommodates uncertainties with a ~1% increase in total
investment compared to the nominal model. A grid capacity of ~120,000 MWh can be added by
2050 when EV batteries would be used as distributed energy resources. This increased grid
capacity would allow utilities to plan for peak loads and incorporate a larger share of renewables
in generation.
Chapter 5: It provides the recommendations for the wide-scale adoption of bi-directional charging
in urban communities. The discussions are inferred from the results of Chapter 3 and Chapter 4.
The associated strategies for accelerating the transition to EVs and eventually integrating EVs with
the grid are also provided. This would help regulatory bodies, vehicle manufacturers, and
governments lead in the large-scale decarbonization of the transportation sector through vehicle
electrification. Further, these strategies can help tackle the underlying issues at the nexus of the
transportation and energy sectors.
Originality and Contributions
The following original contributions will help to plan bi-directional charging infrastructure and
create methods for decarbonizing transport.
Incorporated life-cycle thinking in planning bidirectional recharging infrastructure: In their
decision-making process, conventional recharging infrastructure planning methods have neglected
the life cycle thinking strategy and multi-period planning techniques. The proposed methodology
incorporates life cycle costs from both the energy and transportation sectors into multi-period
planning and maintenance of urban electric vehicle recharging networks. Furthermore, this
research went beyond the conventional foci by adding multi-period usage behaviors for various
EV maturity levels, thus increasing the applicability of the suggested approach for long-term
infrastructure planning.
Developed a bi-directional charging network for urban centers: The use of bi-directional
charging infrastructure has not yet been thoroughly studied in urban contexts. Planning MEHs
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with dynamic electricity demands increases the use of infrastructure, reduces payback, and ensures
that smart grids have a tremendous impact. There is, therefore, a systematic strategy for the
allocation of MEH facilities. The planning framework covers the cost of the development strategy's
life cycle. Thus, in creating the above-mentioned infrastructure network, the planning element for
infrastructure, electrical installation, traffic and traffic impacts, and dynamic needs are used. The
development of the solutions can assist satisfy the rising demand for electricity and support
electrical mobility in the upcoming years.
Developed a stakeholder perspective-based robust optimization model by incorporating
uncertainties in planning: The study offers a comprehensive optimization model that considers
main stakeholders' views. There are four views that consider the multi-stakeholder philosophy; the
weighted schemes are based on that. These include (1) investment perspective: greater weight for
investment costs; (2) the view of EV owners: more weight for MEH access distance; (3) the
prospect of utility: more weight for active parking duration and (4) a balanced view: equal weight
for all stakeholders. When the developed framework was applied to the case study, equal weights
are assigned to each objective function. In a real-world scenario, stakeholders can define their
weights based on their perceptions.
Limitations
In performing the study, the following constraints and problems were met. Reasonable changes
were made to minimize and generalize the effects of these constraints.
Data availability: Life cycle assessment requires a large quantity of data, and data collecting is
difficult in performance evaluations. Furthermore, while EV roll-out is already taking place, few
EV-RI expertise and databases in the Canadian context are accessible. Data from local utilities,
survey, and literary data from local utilities, with a constrained representation of the country as a
whole, were employed in this research. Since the study's objective is to incorporate and implement
the strategy suggested in a particular city center, the approach has been developed on a practical
basis that can be easily updated using precise data sets.
Planning for grid side upgradations: The scope of the research was limited to planning and
assessing the costs of setting up MEHs. Hence, the analysis did not account for the investments in
grid equipment up-gradation, specifically, for the distribution systems. The lack of availability of
electrical equipment performance and cost data was identified as a significant barrier.
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Social acceptance of the vehicle-to-grid concept: The social approval of the technology is critical
for its viability. However, owing to a lack of sufficient evidence on the social recognition of EVs
and V2G, social acceptance was not included in the assessment.
Impacts of using EVs for bidirectional energy exchange on batteries: This study concludes that
existing literature indicates battery degradation due to the continuous charging and discharging
cycles. However, the impacts of battery use need to be quantified to understand the widescale
applicability of the vehicle-to-grid concept.
Comparison with other nascent technologies: Due to the nascent nature of the knowhows related
to upcoming developments, there are several uncertainties due to varying costs, development of
new technologies and implantation of new policies. The use of MEHs for demand-side
management is a concept that can be implemented to reap benefits for utilities and other
stakeholders. However, there are several other concepts such as grid scale battery energy storage,
and home based EV bi-directional charging which need to be technologically and economically
assessed in comparison to the implementation of MEHs.

Recommendations
The following research areas were identified as future extensions of this research.
Time of electricity use-based prediction for demand-side management: The developed model can
be further improved by carrying out a time series-based study. The study can include the variations
in the load impacts of the grid, and the MEHs can be utilized to store or provide electricity
depending on the time of the day and grid requirements. This methodology would require the
planners to access the necessary data such as geographic maps, growth rates in the municipality,
cost factors, etc. The model is heavily dependent on accurate data available to ensure that the
correct decisions are made.
Impact assessment of MEHs on the electricity grid: Since the vehicle to grid concept involves
integrating EVs with the existing grid infrastructure, it is crucial to assess the grid side up-gradation
needed to deploy MEHs successfully. The impact of MEHs would be mainly on the distribution
system equipment. This would require extensive wiring and establishing transformers in the
substations. Further studies must be conducted to incorporate the costs associated with the grid
infrastructure into the life cycle cost assessment methodology. This study would provide a detailed
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investment plan for electric utilities to accommodate and manage large-scale vehicle
electrification.
Investigate the degradation of batteries: Batteries used in EVs are a critical component of the EV
supply chain. The literature review has revealed that there is substantial degradation of batteries
with increased charging cycles, especially during bidirectional energy flow. However, the
degradation heavily depends on vehicle use patterns and charging behaviors. Hence, the total
degradation of a battery would depend on the hours of usage and amount of energy exchange. The
study to assess the amount of degradation in performance needs to be carried out for specific use
cases, and the results cannot be extrapolated to other cases. To determine the feasibility of vehicleto-grid, it is essential to carry out pilot projects to understand the degradation patterns and quantify
the degradation values.
Stochastic modeling framework for the planning of MEHs: The developed robust optimization
is based on a deterministic model; each charging station's capacity is fixed beforehand and is
provided as an input. However, this does not remain the case in real-life scenarios since the
charging events would not be the same each day. In this case, a probabilistic model would be able
to predict the EV charging demands more accurately by following a recursive and iterative
approach.
Assessment of economic benefits to EV owners: The developed framework focuses on the utility
as the primary stakeholder. However, since the motivation of EV owners to use their vehicle for
providing grid-services is of utmost importance, it is essential to understand the benefits that V2G
can provide to EV owners. These benefits may help offset the high initial costs of purchasing an
EV.
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Appendices
Appendix A: IBM ILOG CPLEX Code

1. Nominal Model:
/*********************************************
* OPL 12.10.0.0 Model
* Author: amaiya09
* Creation Date: Apr 25, 2020 at 11:53:32 PM
*********************************************/
// parameters
int n = ...; //No of demand points
int m = ...; //No of re-charging stations
float a= 1;
float b=1.5;
float c=0.5;
float beta= 0.1;
range route = 1..n;
range EVRI = 1..m;
float distance[route,EVRI]=...;
float demand_cap[route]=...;
float supply_cap[EVRI]=...;
float Cap_cost[EVRI]=...;
float Var_cost[EVRI]=...;
float AP[EVRI]=...;
float DP[route][EVRI]=...; //variables
dvar float+ x[route][EVRI]; // Decision variable
minimize ((a*( beta*(sum (j in EVRI, i in route)x[i][j]*Var_cost[j]) + sum(j in
EVRI)Cap_cost[j])) + b*(sum (i in route, j in EVRI) distance[i][j]*x[i][j]) c*(sum(i in route, j in EVRI) DP[i][j]*AP[j]*x[i][j])); // fitness function
subject to {
forall(i in route)
available_demand_cap:
sum(j in EVRI) x[i][j] == demand_cap[i]; // Demand constraint
forall(j in EVRI)
available_supply_cap:
sum(i in route) x[i][j] <= supply_cap[j]; // Supply constraint
}
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*********************************************
* OPL 12.10.0.0 Data
* Author: amaiya09
* Creation Date: Apr 25, 2020 at 11:53:32 PM
*********************************************/
n=32975; // Number of routes
m=14; // Number of
potential EV-RI facilities
SheetConnection my_sheet ("Worksheet.xlsx");
SheetConnection my_sheet1 ("DEF2.xlsx");
distance from SheetRead(my_sheet,"'Sheet1'!B2:O32976"); // Output from the
ArcGIS model
demand_cap from SheetRead(my_sheet,"'Sheet1'!P2:P32976"); // Array changes with
the time period
supply_cap from SheetRead(my_sheet,"'Sheet1'!S2:S15"); // Location-based
capacity inputs
Cap_cost from SheetRead(my_sheet,"'Sheet1'!T2:T15"); // Location-based cost
inputs.
Var_cost from SheetRead(my_sheet,"'Sheet1'!U2:U15"); // Location-based cost
inputs
AP from SheetRead(my_sheet,"'Sheet1'!Z2:Z15");
DP from SheetRead(my_sheet,"'Sheet2'!B2:O32976");
x to SheetWrite(my_sheet1,"'Sheet1'!B2:O32976");

2. Robust Model:
* OPL 12.10.0.0 Model
* Author: amaiya09
* Creation Date: Mar 31, 2020 at 3:50:23 PM
*********************************************/
int n = ...; //No of demand points
int m = ...; //No of re-charging stations
float beta=0.1;
float t=14;
float r=0.5 ;
range route = 1..n;
range EVRI = 1..m;
float distance[route,EVRI]=...;
float demand_cap[route]=...;
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float supply_cap[EVRI]=...;
float Cap_cost[EVRI]=...;
float Var_cost[EVRI]=...;
float AP[EVRI]=...;
float DP[route][EVRI]=...;//variables
dvar float+ x[route][EVRI]; // Decision variables
dvar float+ g1[EVRI];
dvar float+ z1[EVRI];
dvar float+ g2[route];
dvar float+ z2[route][EVRI];
dvar float+ z3[EVRI];
dvar float+ g3[EVRI];
minimize (((beta*r*t*(sum (j in EVRI)g1[j])) + beta*(sum (i in route, j in
EVRI)x[i][j]*Cap_cost[j] + sum(j in EVRI)Var_cost[j]) + (sum(j in EVRI)z1[j]*r)) +
((t*r*(sum (i in route)g2[i])) + (sum (i in route, j in
EVRI)distance[i][j]*x[i][j]) + (sum(i in route, j in EVRI)z2[i][j]*r)) -((r*t*sum(j in EVRI)g3[j])+(sum(i in route, j in EVRI)DP[i][j]*AP[j]*x[i][j]) sum(j in EVRI)z3[j]*r)); // fitness function
subject to
{
forall(j in EVRI)
available_supply_cap:
sum(i in route) x[i][j] <= supply_cap[j];
forall(i in route)
available_demand_cap:
sum(j in EVRI) x[i][j] == demand_cap[i];
forall(i in route, j in EVRI)
uncertainity_constraint1:
x[i][j]*Cap_cost[j] <= z1[j]+ g1[j];
forall (i in route, j in EVRI)
uncertainity_constraint2:
z2[i][j] + g2[i] >= x[i][j]*distance[i][j];
forall(i in route, j in EVRI)
active_parking:
z3[j] + g3[j] <= AP[j]*x[i][j];
}
/*********************************************
* OPL 12.10.0.0 Data
* Author: amaiya09
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* Creation Date: Mar 31, 2020 at 3:50:23 PM
*********************************************/
n=32975; // Number of routes
m=14; // Number of potential
EV-RI facilities
SheetConnection my_sheet ("Worksheet.xlsx");
SheetConnection my_sheet1 ("DEF1.xlsx");
distance from SheetRead(my_sheet,"'Sheet1'!B2:O32976"); // Output from the
ArcGIS model
demand_cap from SheetRead(my_sheet,"'Sheet1'!Y2:Y32976"); // Array changes with the time period
supply_cap from SheetRead(my_sheet,"'Sheet1'!S2:S15"); // Location-based
capacity inputs
Cap_cost from SheetRead(my_sheet,"'Sheet1'!T2:T15"); // Location-based cost
inputs
Var_cost from SheetRead(my_sheet,"'Sheet1'!U2:U15"); // Location-based cost
inputs
AP from SheetRead(my_sheet,"'Sheet1'!Z2:Z15");
DP from SheetRead(my_sheet,"'Sheet2'!B2:O32976");
x to SheetWrite(my_sheet1,"'Sheet1'!B2:O32976");
g1 to SheetWrite(my_sheet1,"'Sheet1'!Q2:Q15");
z1 to SheetWrite(my_sheet1,"'Sheet1'!AJ2:AJ15");
z2 to SheetWrite(my_sheet1,"'Sheet1'!U2:AH32976");
g2 to SheetWrite(my_sheet1,"'Sheet1'!S2:S32976");
g3 to SheetWrite(my_sheet1,"'Sheet1'!AJ2:AJ15");
z3 to SheetWrite(my_sheet1,"'Sheet1'!AL2:AL15");
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