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Abstract 

 

 

Even though the total number of light-duty vehicles in the U.S. is expected to increase by 

2030, total fuel consumption is expected to significantly decrease in the same timeframe. This 

contradictory behavior is in part explained by the increasing utilization of electricity as the primary 

source of energy in the transportation sector. Due to its potential to decrease dependency on fossil 

fuels, electric transportation has become a promising approach to alleviate the increasing 

environmental crisis. Passenger car markets are expected to experience a flood of new Electric 

vehicles (EVs) in the next few years. EVs are considered effective resources to support both 

transportation and power systems in urban areas. Such effectiveness arises from their ability to 

store energy for later use and their potential to reduce greenhouse gas emissions. 

The overarching goal of this dissertation is to examine the integration of EVs in smart and 

connected communities and to understand how these vehicles can link smart power markets and 

transportation systems. Using a combination of optimization and data science tools, this 

dissertation intends to develop the methodologies and frameworks with which a large fleet of EVs 

can optimally be coordinated to support the operations of power system operators, end-use 

consumers of electricity, ride-sharing providers, and generate economic benefit to the EV-owners. 

If not properly coordinated, these new EVs can potentially be highly disruptive to both power and 

transportation networks, reducing reliability in both systems. 
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Chapter 1: Introduction 

 

 

With the increasing deployment of advanced metering infrastructure and the ability to 

remotely manage loads using Internet-enabled tools, it is now feasible for end-use consumers of 

electricity to aggregate together and actively participate in the market as demand side players. 

Such participation is further motivated by the increasing adoption of dynamic pricing in power 

networks as well as consumers' ability to store energy and share it among peers. End-use 

consumers of electricity are envisioned to not only become key demand-side participants but been 

the center piece of the so called smart and connected communities (SCC). 

Ability to store energy can potentially increase economic benefits of energy trading among 

end-use consumers. Although energy storage using stand-alone batteries is still quite expensive, 

impending growth of electric vehicles (EVs) may soon offer a solution.  It is estimated that the 

number of EVs in the U.S. will grow to 7.3 million by 2023 [1]. Considering an average battery 

capacity of 70 kWh, these vehicles have the potential to optimally store and share up to 500,000 

MWh per day.  An aggregation of EVs can schedule charge and discharge of the batteries based 

on dynamically varying prices, owner preferences, and contracts with third parties. This will also 

facilitate load balancing and reduce stress on the network.  

Research has already started to examine the potential benefits of a coordinated fleet of EVs. 

For example, in [2], a stochastic programming methodology is developed to maximize an 

aggregation's profit by optimally charging EVs under varying market prices. However, 

mechanisms to schedule load and trade electricity among peers using EVs are still in their early 
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stages of development. The first objective of this dissertation is designing such mechanism. We 

intend to further encourage local energy trading among aggregations of empowered end-use 

consumers while integrating large fleet of EVs in SCC. For such purpose, we have developed 

operational models for load scheduling and trading among aggregations of end-used consumer 

using EVs as the main technology to store and trade electricity. We have also developed and 

efficient mechanism to design optimal option contracts among the consumers and the EV owners. 

The results obtained from this first component of the dissertation are introduced in more detail in 

Chapters 2 and 3. 

Various alliances of technology and manufacturing companies are earnestly developing 

and testing autonomous vehicles (AVs) capable of navigating busy streets in major cities.  Since 

vehicle electrification and automation are arising simultaneously, most AVs are likely to be EVs; 

Tesla’s latest models (2018-2019) are archetypes of this phenomenon. Vehicle automation have 

the potential to improve operations of traditional EVs. For example, although it is generally 

infeasible to dictate routes of traditional EVs, we can design AVs' travel plans to fulfill system-

wide objectives [3]. 

The impending growth of AVs will also address many of the current carsharing barriers, 

including the issue of users having to travel to access the available vehicles. Hence, a fraction of 

the privately-owned transportation is expected to shift to on-demand services [4]. Car-sharing 

penetration, vehicle automation, and vehicle electrification are expected to bring a major 

transformation to the way we conceive local transportation in urban areas. Shared autonomous 

electric vehicles (SAEVs) will replace a significant part of the human driven automobiles on city 

roads.  Companies providing ride sharing service in cities and surrounding suburbs are expected 
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to adopt a new business model partially switching from cars owned and driven by individuals to 

SAEVs leased from large feet owning companies.  

SAEVs have the potential to solve most of the practical limitations of conventional EVs 

including traveler range anxiety, access to charging infrastructure, and charging time management 

[5].  However, switching to SAEVs for ride sharing will only be feasible if proper cyber-physical 

infrastructure is in place to support the operations of these vehicles, i.e., efficient 

charging/discharging of batteries and coordination of the transportation services. The second main 

objective of this dissertation is to design the operational methodologies of this cyber-physical 

infrastructure and thus facilitate the realization of the vision where thousands of SAEVs would 

optimally ply the streets of smart cities to maximize service to consumers at a minimal cost. 

1.2 Research Contributions 

The detailed description of research contributions is presented in the subsequent chapters. 

In what follows, an overview of the research contributions and the broader impacts are presented. 

1.2.1 Empowering End-Use Consumers of Electricity 

Among the recent papers dealing with peer-to-peer (P2P) cooperation, only a few consider 

dynamically varying hourly prices, network constraints, as well as DA and RT market settlements. 

To our knowledge, the presence of price spikes in the RT market has not been properly considered 

in any of the existing models. Another major issue in this context that has not been adequately 

explored is the fairness among the peers, without which the P2P cooperation may not be stable. 

Our paper offers a comprehensive methodology to support P2P cooperation by incorporating all 

of the above-mentioned features. Additionally, sharing of electricity is accomplished via temporal 

arbitrage using the electric vehicle parking lots in the aggregation. Promoting demand side 

participation among end-use consumers, feasibility of which is demonstrated by our methodology, 
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will bring added benefits of load balance and increased reliability in power networks. The fairness 

considerations that are embedded in the methodology will incentivize consumers participation 

1.2.2 Bilateral Trading of Electricity 

Peer-to-peer trading in a power network is a well examined topic, where peers are 

commonly assumed to be prosumers (households with generation and storage capabilities). 

However, growth of IoT and advanced metering infrastructure has led to the rise of a set of newly 

empowered peers, namely smart homes and businesses and EVs. In our previous work [6], we 

have shown how these peers are now able to form coalitions and reduce their operational cost by 

engaging in demand response, in markets with hourly price variations and price spikes. In this 

paper, we demonstrate that, in markets with price variations and spikes, aggregations formed by 

these peers can also effectively engage in energy trading and derive financial benefits that are fair 

to all. This is demonstrated by developing a generalized Nash bargaining solution (GNBS) model 

for obtaining trading contract between two aggregations and implementing it on a sample problem. 

The operational optimization models for the aggregations that we have formulated as input for the 

GNBS model are also novel in how they schedule load consumption and plan for energy sharing. 

Our contributions also include a computational strategy where instead of solving the GNBS model 

as one single nonlinear mixed integer program, we separately solve the operational models and 

use their results to solve GNBS model and obtain the contract parameters.     

1.2.3 System of Smart Hubs for Shared Autonomous Electric Vehicles 

The main goal of this research is the creation of knowledge needed to design and operate 

a new cyber-physical infrastructure by integrating research from well-established areas, namely 

transportation, facility design and location, and electric power systems. Inter-dependency among 

the above three disparate areas is a new phenomenon that has risen in the context of the impending 
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new era of passenger transportation using SAEVs. Consequently, this phenomenon has not yet 

been examined and thus a significant knowledge discovery was obtained from this research.  
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Chapter 2: Empowering End-Use Consumers of Electricity to Aggregate for  

 

Demand-Side Participation 

 

 

The complete article titled “Empowering end-use consumers of electricity to aggregate for 

demand-side participation” [6] (published in Applied Energy) can be found in Appendix C. This 

article presents a multi-objective optimization-based methodology to trade fairness and efficiency 

in the context of the daily operations of an aggregation of end use consumers. The proposed 

methodology considers a number of practical features of the power markets, including actual price 

and demand data from existing power grids, network constraints, day ahead commitment and price, 

real time price spikes, optimal load scheduling, energy sharing strategies using EVs, and fairness 

of cost. It is demonstrated through a sample network that neither strategies arising from total cost 

minimization and fairness maximization may be ideal for the participants. Hence, a hybrid 

approach for operation scheduling and cost-sharing is proposed, which is shown to yield 

significant benefits to participants without sacrificing much fairness. Promoting demand-side 

participation among end-use consumers, feasibility of which is demonstrated by the proposed 

methodology, will bring added benefits of load balance and increased reliability in power 

networks. The fairness considerations embedded in the methodology will also incentivize 

consumers participation. 

2.1 Abstract  

 End-use consumers (peers) are being empowered to aggregate for direct demand-side 

participation through load scheduling and energy sharing. This is the result of the growth of 
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Internet of Things (IoT) enabled loads, availability of advanced metering infrastructure, and the 

move towards real-time (RT) pricing of electricity. Peer-to-peer (P2P) cooperation has received 

significant interest in recent years, though the focus of this growing body of research is on 

modeling prosumer behavior in microgrids. Hence, there is a need for new methodologies to 

examine empowerment of all end-use consumers (not limited to prosumers) to form aggregations 

and develop fair rules of cooperation to reduce cost. This paper offers an optimization-based 

methodology to address the above need for power systems. It minimizes the total cost and 

considers fairness using a Nash bargaining approach. Since cost and fairness are often in conflict, 

trade-off strategies are also presented. The model to asses fairness is nonlinear. Hence, it is 

transformed into a second order cone program (SOCP) and solved using GUROBI software 

version 7.5.2. The methodology is implemented on a sample 5-bus network, built using price and 

demand data from one of the load zones of Pennsylvania, New Jersey, and Maryland (PJM) power 

network in the United States. It is shown that two aggregations of peers participating in the sample 

network can reduce their total cost by 14.17% and 22.7%, while maintaining fairness. Concluding 

remarks highlight some of the limitations of the methodology 
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Chapter 3: A Nash-bargaining Model for Trading of Electricity Between  

Aggregations of Peers 

 

 

The complete article titled “Bilateral Trading of Electricity Between Aggregations of End-

Use Consumers” (submitted to IEEE Transactions on Smart Grids) can be found in Appendix D. 

This paper is a direct continuation of the work presented in Chapter 2. Energy trading among end-

use consumers in local power networks has become an important research topic in recent years.  

Although cooperation in power markets is gradually expanding at the peer-to-peer level, this 

concept has not been fully explored yet. Also, mechanisms to schedule load and trade electricity 

among peers are still in their early stages of development.  In this paper, our intention has been to 

further encourage local energy trading among aggregations of empowered end-use consumers. We 

have developed a bilateral option contract framework between two types of aggregations of end-

use consumers, namely, aggregation of load consuming entities only (ALCE) and aggregation 

electric vehicles (EVA). The framework uses a generalized Nash bargaining solution approach to 

find the optimal contract parameters. Using a sample numerical problem, we have examined the 

properties of two different kinds of option contracts (plain and swing) and assessed their benefits 

to the participating aggregations. It is demonstrated via numerical results that temporal arbitrage 

can significantly increase the financial benefits to the end-use consumers. 

3.1 Abstract  

In the last several years, the growth in household solar generation and the lack of success 

of the feed-in-tariff programs have led to the rise of peer-to-peer (P2P) energy trading schemes 



9 

among prosumers. However, a change that has started more recently is the growth of smart homes 

and businesses, of which loads are IoT controlled and are supported by advanced metering 

infrastructure (AMI). This has created a new opportunity for smart homes and businesses to form 

aggregations (coalitions) and participate in cooperative load management and energy trading.  

Unlike energy trading among individual prosumers in most P2P networks, a new trading 

opportunity that is emerging is between aggregations of peers of smart homes and businesses and 

electric vehicles (EVs). In this paper, we consider one such trading scenario between two 

aggregations, of which one has smart homes and businesses with load consuming entities (not 

prosumers), and the other has EVs only. The aggregation with smart homes and businesses derive 

cost reduction through optimal load scheduling based on load preferences, market-based pricing 

of electricity, and opportunity to trade (buy) energy from the aggregation with EVs. Whereas the 

aggregation of EVs optimally schedules charging to meet EV needs and uses stored energy to trade 

(sell). A generalized Nash bargaining model is developed for obtaining optimal trading strategies 

in the form of plain or swing option contracts. A sample numerical problem scenario is used to 

show that suitable contracts can be derived that allow aggregations of peers to mutually benefit 

from energy trading. Interactions among contract parameters (such as strike price, option value, 

and option quantity) and the relative market power of the aggregations are also examined. 
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Chapter 4: System of Smart Hubs for Shared Autonomous Electric Vehicles: 

Operation, Location, and Solution Approaches 

 

 

The complete article titled “System of Smart Hubs for Shared Autonomous Electric 

Vehicles: Operation, Location, and Solution Approaches” (to be submitted to Applied Energy) can 

be found in Appendix E. In this work, we intend to create the knowledge needed to design a system 

of smart hubs, and thus facilitate the realization of the vision where thousands of shared 

autonomous electric vehicles (SAEVs) would optimally ply the streets of smart cities to maximize 

service to consumers at a minimal cost. Key focus of our research is on developing optimal 

operational strategies to assess ride sharing demand for a fleet of SAEVs while maximizing profit 

from optimally charging/discharging of the batteries, pick-up/drop-off of passengers, and rent of 

the available charging stations to third parties. We use this operational strategy to asses smart hubs 

capacities and locations across the road and electric power networks (covering the ride sharing 

service area).   

4.1 Abstract  

Shared autonomous electric vehicles (SAEVs) are expected to replace a significant fraction 

of human driven ride sharing vehicles in cities and surrounding urban areas. This change will only 

be possible if proper cyber-physical system (CPS) infrastructure is made available to support their 

operations. We address this need by developing a methodology for planning as well as real-time 

decision making for operating a system of SAEVs and charging hubs located across the serving 

area.  The charging hubs are considered to host limited capacity battery banks and photo voltaic 
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(PV) generators. Our methodology considers a number of practical features of power and 

transportation systems, including consideration of day-ahead load commitment by solving an 

alternating current power flow model,  real time price spikes of electricity, energy arbitrage, 

randomness in passenger demand, balking of passengers while waiting for a ride, and allowing 

charging for privately owned electric vehicles in the hubs. We demonstrated the utility of our 

methodology by implementing it on a sample CPS. It is shown through numerical results that the 

methodology is able to make planning decisions for day ahead commitment of power, as well as 

make real time operating decisions for the SAEVs and the hubs (including for its battery banks 

and PV generators). We also examine some of the system design issues such as hub capacity 

needed to support a fleet of given size, and impact of hub capacity and fleet size on system 

performance. We discuss the computational challenges of our methodology and propose a 

simplified myopic solution approach that is capable of dealing with much larger fleet sizes and a 

variety of hub capacities. Reduction in computation time and the optimality gap for the myopic 

approach are examined. 
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Chapter 5: Conclusions 

 

 

The impending growth of electric and autonomous vehicles will soon bring a major 

transformation to the way we conceive local transportation in urban areas. The key intellectual 

merit of this research is in the creation of knowledge needed to design and operate a new EV-based 

cyber-physical infrastructure by integrating research from three distinct areas, namely 

transportation, facility design and location, and electric power systems.  Inter-dependency among 

the above disparate areas is a new phenomenon that has risen in the context of the impending new 

era of passenger transportation using SAEVs in cities and their suburbs. 

 The results from this research will also translate into a number of critical benefits for the 

electric power systems. As vehicle electrification soars, the percentage of electricity consumed for 

transportation will rise dramatically. A sizable part of this increase will be due to proliferation of 

SAEV-supported passenger transportation.  Hence, a cyber-connected infrastructure for planned 

charging/discharging of large fleets of SAEVs will create an opportunity for network load 

balancing.  Moreover, the temporal arbitrage potential of these fleets of vehicles would help power 

systems operators to reduce reserve generation requirement for maintaining system reliability. This 

will help to reduce operational cost of the power networks and consequently reduce cost to the 

consumers. 
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