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ABSTRACT

Nowadays, as the conventional grid cannot handle the technthegynart grid
is introduced tgrovide tweway communication betweeirtility and customers to meet
the energy requirements. In general, prosumers trade the locally produced energy using
theNRG-X-Change mechanism and receive payment depending on their contribution
individually. In this researchye study thalifferent scenaos of trading energy in which
all prosumers of the same grid are coalited. Firstly, we adopt one of thetlyzonetic
approacksc al | eodp e6rCGact i ve game theorydé td analyze
coalition. Secondly, weonsider three pricing funons such as concave, linear and
convex, and analyze the behavior of each pricing function with hypothetical valthes on
prosumergcoalition. Shapley value is calculatedsttowthe benefits obtained hifie
prosumergcoalition. In this research, we csider the average energy production and
consumption data frome@anStreet Inc. for three seasons in a year such as3faihg,
andWinter. The results show that coalitions are profitable only when we consider the
convex pricng function, whereas lineand concave are not profitable. By calculating the
Shapley value, we c géismaxindzed onhifgptodugtioniisc e f unc

twice greater than consumption.
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1. INTRODUCTION AND LITERATURE REVIEW
1.1  Research Motivation

fiThe smart grid allowsoir abi-directionalflow of databetween the utility and its
customers[1]. It is expected to deliver power efficiently and respond automatically to
changes that occur in the grid. To effectively impetthe smart grid systeitine
application of the electric power engineering technologies with network communications
can be achmed through smart meters placed between the electricity provider and the
customer.

The variable naturef renewableenergy sarces such as wind farms and solar
panels adslcomplexity to the operation of the grid, @ smart grid provides data and
automaion to enable energy sources to put energy onto the grid and optimize its usage.
Traditionally, the locally produced renewal#dnergy was traded on a eldyead basis by
prosumerga person who produces and consumes enargyronsumer& person who
consimes the energyjy participating in an auction. Buying and selling orders were
submitted to a public ord&ook and matchedhia discrete or continuous fashion using
equilibrium price Bidding of energy ahead of time depends on predictions of future
suppl or demand, the inaccuracy of which translates to higher or lower costs for both
buyers and sellefg].

Currently,the trading of locally produced energy uses the NRGMnge
mechaism[2]. This mechanisnd 0 e s n 6 t tlheenergymiketormatching of
orders produced energy is fed continuously to the grid and prosumers are paid according

to the actual usage.



In this mechanism, each prosumer providissproduceanergy to the grid
individually and gets paid accordinghs contribtion. Instead there may be cases
wherethe prosumecouldform coalitions with other prosumers of the same,gvitich
may result in higher profit.

My thesis focus is to study multgpscenarios and help prosumers decide what is
the best scenario to foracoalition,thatis analyzed by using the gasttesoretic
approachThe research mainly uses one branch of game theory called Cooperative game
theory, which is a higHevel approachhat focuses on predicting which coalitianay
form, the payoff that edicplayer involved in the coalition receivesd joint actions that
the group take
1.2  Literature Review

With the increase in the demand for electricity, there is an increase in the average
cost of power supply and Tina-Use pricing is used to manage demhaGame theory
can be applied to TOU strategies, by using cost models obtained from fluctuations
betwe@ user demand and consumption, and the level of user satisfaction. By considering
scenarios with single and multiple users and their responses tddpaadent prices,
utility functions can be designed to obtain a Nash equilibrium ukigame theory
method. This method proved to be effective in optimizing TOU prices, by reducing utility
company prices and improving user benefits, thus improving meifi@ency. Power
system stability is achieved by keeping the load |lebelfurther improve the model,
additional factors like renewable distributed generators and electricity usage at different

time periods also can be consideféd



Suppliers monitor for price changes almost hourly while consuraspeond to
changes as seen on their monthly bills. By developing computable equilibrium models,
time-of-use prices can be estimatadich are useful in cases where consumer prices are
regulated, but suppliers offer competitive priciAdgo, it finds usen the estimation of
forwarding prices in unregulated markets and the evaluation and welfare analysis of
regular versus TOU pricing before making pricing charfdgks

Game theory is used to create an interactive, incebtiged energy consumption
scheduling gamehere the users act as playexad their daily schedules and loads are
gaming strategief®]. In this game, a utility company serving variaustomers is
assumed to adopt different pricing tariffs for separating the energy usage in time and
level.

Each player or user is required to apply their best response strategy to the current
total load and tariffs in the power distribution system. Téahange interactive
messages to maximize their benefits in this game setting, which leads to an optimal load
profile at the equilibrium state. The user information remains anonyrandghey
receive incentives for taking part in such games and seribessmethod has shown
simulated results adreduction in pealto-average ratio of the total energy demand,
energy cost and daily individual electricity charffgs

As each individual focweson their independent energgaving mechanisms
independent of other energy consumers, an dugsed cooperative model is created for
smart grid consumeis]. Agents take control of the smart metensd they form stable

coalitions with other agents in tigame.



Each coalition behavior is dependent on the behavior of other coalitidims i
systemand they may compete to get a higher payoff to the members of their group. In
this scenario, there might be a need for restructuring of coalition formatioayaarth
interdependent

When dealing with cooperative games with coalition cométan, there are only
some feasible coalitions according to the agektnalitions feasibility can be
determined by its membérsohesion and is not expected to be samalfaroalitions[7].

In order to generalize the games with coalition configuratimacohesion index is
introduced with the class of games along with an allocatitencharacterizetly using
appropriatgropertieq7].

Cohesion index determines the cohesion of each coaldrmhit helpsis
understad the relationships between different elements of a module. A model of games
can be presented with a value inspired by the Owen value, where the total gain can be
shared according to the cohesiveness degree of all the coalitions. This modelsad b
in software design and for the situations where uncertainty of payoffs is present.

Several customers of smart grids nieyea surplusamount of energy for sale
while the others are opting to buy the energy from the market to meet their demands.
Cudomers inneed of energy can buy from their neighbors at a lower price, instead of
buying energy from the grid. Sellers not only make profits by selling their extra available
energy, but there will be less load on the grid too. In order to minimize ¢ngyelill
while considering the transmission gdstiyers can play a game by deciding the amount

of energy they will buy from the sellg].



Simulated resultsf thisgame theory model ka shown that the algorithm has
minimized the individual energy bills of the buyesdich in turn yieldedanincrease of
sell erdés profits after analyzing the algor
comparing it withthat of acentralized optimization model.

Markov Decision Proceg8DP) is a discrete optimization methtitathelpsus
understand the problem of optimal energy distribution by dynamically changing the size
of coalition. In a situation where there is onemo-grid and several customers, the
micro-grid acts a aplayer and the customer acts as another player. The grid needs to
decide the coalition size in order to optimally utilize the energy generated while the
customer needs to decide strategies to opérthe tadeoff cost of communication and
energy distribution and effective power supfy. MDP helpsusunderstand how to
form a dynamical coalition and ensure efficient power distribution to the customer.

Energy Consumption Scheduling (ECS) devices are-ibudevices used in smart
meters, which connect to the powgid and he localarea network that handles twiay
communication in smaxrids. These ECS devices are used for demand side management
within a neighborhood of buildingkatshare a common energy souft@].These
devices interact automatically with the help of an algorithm that determines the optimal
energy consumption schedule for each subscriber. The end godeiréas¢he total
energy ost and lhe peakto-averageratio (PAR) in load demand in the systdmorder
to encourage the subscribers to use these devices with a nevihgameatic pricing

model, incentives are provided



1.3  Thesis Outline

In Chapterl, we introduce the problem and disctiss examined scenario along
with aliterature review on game theory in smart gridsChapter2, the theory othe
smart grid is explained along with its infrastructure, role in renewable erardy
communication primcol. In this chapterwe alsodiscus theNRGCoin.

In Chapter3, we briefly explain the concept ghmetheory along withts types
such asNon-cooperative and Cooperative game theargl discuss solution concepifs
eachtype

In Chapter 4, wentroduce the NR&X-Change mechanism and stutig system
model. An example of Shapley value computation for 3 prosumers is presentedto Next,
test the effect athe coalition we consider hypothetical values for three different pricing
functions such asoncave, lineaand convex and stydhe Shaleyvalue withand
withoutacoalition. In the next part of this chapter, we amalthe 3 codes that can be
used to compute the Shapley value by comparing the time complexities and execution
times.

In Chapte 5, in the first section, we test the behawibthe@d f uncti on by
considering dur different scenarios. In the next section, we take into account the real
time data obtained frofRecan street and compare the effect of Shapley val@hdpter

6, we conclude the research and discuss the potéaritiad work.



2. SMART GRID TECHNOLOGIES AND NRG COIN
2.1  Smart Grid Technology
2.1.1 Introduction

I n general, fAThe grido r efametvgorkbfo t he el
transmission lines, substations, transformets which transfer the electricityoin the
power plant to the home or business. Nowadaygyfheal grid cannot handle the
technologythesmart grid is introduced to manage the groundswell of digital and
computerized equipment and can easily automate the requirements and rising cpmplexit
of electricity[1].

Smart grid is defined as an advanced power system that integjexttrical
network and smart digital communication technology. It proviesrectional
communication betweeihé utility and consumers and sesgee transmission line with
its smart sensors. Smart grid technology is used worldwide to fulfill the purpose of
sustainable electric power with the involvement of active consumers.

Smart grid ensures customer satisfactioncerningelectricity supply, reliability,
guality, andfulfill s energy demandx customersTogether with Home Energy
Management SystesfHEMS) and,Advance Metering Infrastructure (AMIit is used to
handle the growing demand that connects consuametsitilities.

The consumption pattern of the consumers is ingafto the utilities by HEMS
and smart metersyhichis enabled by AMI. Similarly, consumers are informed about the
energy available frorthegrid with prices and incentives.

To overcome thenergy deficiency, utilities provide various demaesponse

programs that are based on the requires@different demand peried11].



Utilities provide various demand responsegueons based on the necessity of
specific demand cycsdo address energyeficiency. Smarinfrastructure, smart
managementnd smart protection systerae three main categories of smart grid

(i) The smart infrastructure suppotte bi-directional flav of electricity and
information. The bidirectional feature of the smart grid allows users to feed the excess
electricity generated by houses with solar panels back into the grid.

In addition, he smart infrastructure is furtheategrizedinto threesubsystems
which aresmartenergy systes) smart communicatigrand smart information systems.

The smart energy subsystem provides advéatatricity generation, deliverand
consumptionThe smart information subsystem is account&meroviding advaced
metering trackingand managemewf information.Whereas the transmission of
information among various systengevices and applications is provided by the smart
communication subsystefh?2].

(i) Smart management system: The latest management and control services are
provided bya smart management system. It ugessmart infrastructuref thesmart grid
to obtain various management objectivVEse objectives includanincrease in energy
efficiency, balancing of supply and demand, reduction of operation cost and maximizing
utility.

(iif) Smart protection systenfiT he smart protection system provigestection

againstsecurity, privacy and faiheo [12].



2.1.2 Advantages of Smai®rids
0] Increased Reliability:

When a problenoccursin the conventional electrical system, it is resolved by the
utility person by visiting the location. Whereastliesmart grid, as the system is built
with selthealingcapacity mostproblens that occurs in the system can be resolved by
itself.

(i) ReducedElectricity Consumption:

Through smart metetbatare equipped in the smart grid system, the energy
consumption can be adjusted.

(i)  Reduced Expenses to Energy Pracers:

The consumption during peak hours cardbereaseds smart grid allows direct
communication of the prosumers with enders.

(iv)  Intelligent Infrastructure:

The smart grid system is built in such a way that the energy can be stored and
distributed stely.

(V) Predictive:

The impact of weather on the system camatgcipatedbeforeits occurrence with
the use of machine learning. Thus, suitable actiansbetaken to modify the system
beforethe next eventsrise

2.1.3 Disadvantage®f Smart Grids

0] IncreasedCost:
Compared tahe conventional electricity meters, the aofsinstallation of the

smart meters is very high.



(i) Privacy Concern:
The smart meteysvhich are part of the smart grid infrastructure can be easily
hacked
(i) Unreliable:
During conditions sutas windstorm, heavy rain and lightning, the network
providers dondét provide guaranteed service
(iv) The communication should be available continuausly
2.1.4 Applicationsof Smart Grids
) The load can be shared as the smart grid provesbility to be intgrated
with renewable energy sources.
(i) The system can be easily adapted to the sudden change that might occur in the
lines and feeders.
(i) In the consumés side, AMI (Advanced Meterinipfrastructure) is a
designed frameworthatinvolves and inorporates several technologies to achieve its
required results.
(iv) In the transmission and distribution side of the smart gniergy flaud
detection is one of the important parts of smart grid security.
(V) I n the suppl i er s@ridopecton isthexyteriwherei c | e 't
electric plugin vehicles interconnect with the smart power grid to reverse its power flow,

channeling tk stored energy from the car to the power grid.
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2.2 Smart Grid Infrastructure

The smart grid infrastructure is presedin Figure2.1, which consist®f
DistributedGenerationDG) sources, conventional sources that include fossHldaséd
powerplants, renewable energy sources,abekctric vehicles.

It also includes intelligent buildings, smart honeasd data ceers, whichhandle
the entire infrastructure f@ommunicatiorj13].

The communication system of Smart Grid (SG) includes intelligent nodes that are
operated by using AMI (Advanced Metering Infrastructure) or SCADA (Supervisory
Control andDataAcquisition).

In SG'scommunicatiorsystemnetworkspecificationsuchasservicequality (Qo

S), efficiency, coverageandstability, securityandprivacy shouldbe provided[13].

il

Offshore Wind Farm

teat
Co n¢
= e e g
=y
= Energy Natwork

Figure 2.1: Smart grid infrastructure [14]
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Theflow of electricity generation and communication in 8Ghownin Figure

2.2, whichis dividedinto different sectioneamelypower generation, transmission and

distribution.
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Figure 2.2: Flow of electricity and information in smart grid [13]

2.2.1 PowerGeneration Section

Distributed generation is oroé the recent developments by the SG system that is
related to power generation. The upcoming power grids are expected to be flexible,
manageable, reliable and have innovative stru¢itBe The RenewableEnergySources
(RES)meetsthese expectatiortsy decreasing the energy generation and conversion cost,
providing better storage aphs such as batteries angviheels.

Complex analysis is required during installation of the DG as they consist of large
deployments that are achieved from RES such as photovoltaic, wind turbines, fuel cells
and microturbines.

Compared to the traditiahlargescale power planthe generation cost of the DG

is higher. Smart power generation should be combined with demand forecasting and
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AutomaticGenerationControl (AGC)to decreasé¢he cosf generation while meeting
energy requirementsf consumer$13].

The development of DGgquires several BtributedEnergyResources (DER)
that operate together when compared to the conventional power generators.

The VirtualPowerPlants (VPP) replacthe traditional power plant by providing
efficient and manageable structure. The DER ithptesent in the VPP can be linked to
various nodes in the distribution network, thus changing the overall characteristics in
terms of topology, impedancand losss. The generation cost can be controlled and the
loss of DER can be avoided by the enarmggnagement system that is improved by VPP
[13].

2.2.2 Transmissionand Distribution Section

The transmission and distribution systems are expected to meet the requirements
of the smart grid structure with regards to technical and economic adgecisghout
transmission or distriliion layers, the smart power generation offers multiple DERs to
incorporate the entire system.

The traditional transmission and distri
and DER would affect the reliability of the systempradictableclimatic changs make
RESbased on DGs become dependent on conditions and dhucgeations in power,
voltageandfrequency[15]. Thus, the transmission and distribution uébtrequire
accommodation of power reliability and efficiency against high penetration of DER.

The adaptation of current transmission and distribution utilities to the SG involves

some challeges.The first challenge is to convert the transmission grial dayital
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platform in order to manage the communication protodofsovides increased
controllability, flexibility and data management opportunifiE3].

The transmission grid should be able to monitor the power floiss @avn which
is known as selawareness, which consists of voltage, frequency and stability
monitoring.

One of the important challengesadonventional transmission grid is to ensure
sustainability to control the growth of the smart transmission grid. The sustainability can
be achieved by including smart control centers, smart networks and smart suhstation

PowerManagementnits (PMU) are sed for monitoring phasor synchronization,
voltage stability, load sharing, power flows, restoring power systems and estimating
algorithms to recover power |Id4t6].

The PMU can be aingle device ooperationakegment within a compact unit
such as meters or security equipmérat provide better monitoring, the PMUs are
located at important substations in many power generation amshiission utilities.

2.2.3 Customer Sectio

This section covers various applications such as microgrid with RES and
hydrogen, electric vehicles interacting grid as vehicle to grid (V2G) and grid to vehicle
(G2V), energy storage systems etc., The electricablaagl divided into static and
electranic loads, the load models are assumed as residential, official and industrial. The
official load is considered important as it includes military or hospitals which require
large reliable microgrids.

Themicrogrid islocated closer to the load sitisdecrease the transmission line

losses. Smart home and microgrid integrationeammplished through the use of energy
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management devices, sensors that control the air conditioning and smart meters that have
the ability to control the energy efficiently retety [13].

Due to the increase in fuel costs and environaleatt, the usage ofi&ttric
Vehicles (EV) plugin electric vehicles (PEVs) and plug in hybrid electric vehicles
(PHEVS) are promoted.

Compared to PEVs and PHEVSs, thdividuals gained interest electric
vehicles EV 8 batteriesare not onlymeantto provide propulsionthey are also
consideredo beenergy storage devices capable of supplpiogerduring discharge
mode[13].

The EVs are operated bidireonally in V2G and G2V during discharge and
charge modes. By using its own storage devices such as batteries, fuel cells or hydrogen
tanks, B/s supply electrical energy to the grid in&2node. It requires smart charger
systems to combine\Es to the grid, esential discharge and charge operations are
available during parking periods. In G2WE& are powered by the electricity that is
stored from an external power source. Important comafe@RV is the load on the
existing distribution grids due to chargingerations.
2.3  Smart Meters (SM)

The smart meter measures the consumption of energy by a cudymer.
capturing the voltage, phasor angle and frequetheySMs are expected to identify

erergy consumption rates.
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A smart meter consists of metering and comioation infrastructure. Metering
consists of timeof-use pricing control, data management system and AMRomatic
Meter Readingjramework[13]. To obtain the data about customer and utility grid, bi
directional flow of data is to be allowed by commation infrastructure. To enable SM
to communicate with remote centers and run control comshéme communicabin
section of the SM consists of network connection and control infrastructure.

The data collected by SMsin be used bgustomergo predictand decrease their
electricity bills bysupervising energgonsumptionThe utilities on the other handise
thedata obtained from SMs to know the raate pricing which helpthemto decrease
the consumption of electricity and inspaensumerso reduce load during peak hours.

fiThe SM module @ntainsthe power supply, control, metering, communication,
indicating encoding and timing moduw¢13]. The logging module stos¢he information
of energy consumption, date, power by consumer. The metering module measures
voltage and current by detéing from utility grid, the billing module performs electricity
billing by considering timestamp$3].

2.3.1 Classifcation of Smart Meters

The classification of SMs depends on their usdde first type is concentrated
on custometbasedservicesthat isin-home,and the second type is thiility AMI that
are used by utility companieBhe Inhome meters areesup wthin the buildings of the
customers, whereas thiility AMI metersare set up outside the building of the
customers

The Inrhome meters are made up of clamp sesysdnichareclamped around the

main electricity supply cabl@he clamp sensdshown in kgure 2.3)measures the
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alternating current that flows in the electric cabledthe smart meter that is connected

to the clamp sensor convettss currento power to calcuate the amount of power
consumedThis data idransmitted to the gateway atraquency of 433MHz

[17].Through gateway the data is sent to the server and database of the service provider
by means otheinternet

Thedata is stored by the service provider aodverted into formatthat can be
further processkby the end useflhese type of SMs require networks with high data rate
communicatiorand metetevel storage.

The bidirectional communication between the utility meter and company is
provided by Advane Metering Infrastructure (AMI)The main aim of AMI is to provide
the information regarding the actual power consumption to the utility companies. The
price whichis available to the customers at the time they are using the energy helps

customes decide aout their energy usage.

Figure 2.3: Clamp meter [18]
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Figure 2.4: Smart meter installed by utility provider [19]
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Figure 2.5: Elements of AMI [20]

The elements of AMI are represented in Figure-Z.Bedata regarding energy,
gas and water usage is collected by advance meter devices at certain time periods and
transferred to utilitycompanies through communication networkse AMI alsocollects
data regarding pricing from the utility companies anskpa it to the customei&sMI
uses Broadband ovowerline (BPL), PowekLine Communications®LC), Radio

Frequency andther networks to allow hi-directional communicatioto transferdata
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from smart meters to utility companyhe metering informatiorsireceived, stored and
analyzed bya Meter data management system.
2.4 Prosumer in a Smart Grid

The demand for energy which currently met by nonenewable energy sources
is increasing rapidly. The excessive use of these limited-emmewable energy sources
might affect the climate badly.

The traditional grid provides interaction between the distribution and transmission
but not consumer. The smart grid provides thdibectional flow of energy and
information by including users. The consumers are inforateadit the availability of
energy in the grid along with prices and incentives.

The renewable energy which is producgdcbnsumers is consideredasew
source of energy and can be shared with other consumetiseagrtl. When energy is
produced and shed by the consumer, the consumer becampessumer. The
prosumerslike consumersconsume produced energy ahdy alsdeed the excessive
energy to the grid or share with other consumers.

Examples of prosumers include houses which provide electriaitg:arhange
power among themselves, buildings installed witfsEvhich provides storage service to
utilities, anda microgrid which sells electricity to other microgrid or utility.

The price of electricity decreases when users produce electricity onireir
rather than buying it from the utilities. Some countries allow users to earn money by
selling the excessiveroduced energy back to the grid.

The twodifferent energy states in which a prosumer operatgsradeiction and

consumption state. When theoduction of energy is more than the consumption, then
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the prosumer is said to be operatingroduction statédNhereas, when the production is
less than the consumption, then the prosumer is operating in consumption state.

The state in which the prosuntgrerates depends on the productiorrdrgy
(such assolarenergy and the energy consumed by residehtsminimize the electricity
usage from the grid by the prosumer when operating in consumption state, battery storage
can be installed at home&he level of the battery is indicated fst)in Wh.

The battery is said to be in charging state when production is greater than
consumptiong(t) > c(t)) and in discharging state when production is less than
consumptiong(t)<c(t)). The energy states of a pumser can be represented
mathematically as,

Prodiction statefy 6 { 6 @0 [17] (2.1)

Consumptionstat§ © { 6 @0 [17] (2.2)

Figure 2.6: Example of smart home with RES and &/s[21]
241 Microgrids

A Microgrid is an important element of a smart gtitht caroperate individually

by disconnecting itself from the conventional grid.
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The conentional grid connects homes and other buildings to the central power
systemgenablingus to use electronics, heating and cooling systems and appliances
Because ofhis conrection, all the users are affected when a part ofjtitemustbe
restored.

A microgrid is operated when connected to the grid, but it can detach and operate
on its own using energy generated by distributed generators, RES such as stdar pane
and battees.

Microgrids can be helpful in times of power interruptions or other critical
situationsthey areuseful in reducing power cosendcan beconnected to a local
resource which is limited and unstable for conventional grid.

The microgridcanfunctionin two modesThe first is grid connected mode
which is connected to the grithich uses electricity from the grid case of high
demandUrbanecosystems use thisode, whergrid electricity is used in case offisis
and backup requirements.

The other mode is the island or-gfifid mode,in this modethe poweplants
operate indiidually by disconnecting from grid.

Island microgrids requires large DER installaticseng with reliable demand
response and control algorithms to decreasertbigapility of inadequate capacity to
meet the demands.

The energygenerated by solar pansip(t) in Wh, energyprovided bywind
turbinesis definedasW(t) in Wh andenergy stored by batteryis S(t). ni(t) is the
negawatt of energy generated by each smart leomde is the set oM smart homegl7].

The total offered negawatt production is given as,
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00 B. & 0[17] (2.3)

Thedemand of a smart home is giverncdy, hencetotal demand of microgrid is
equal to,

66 B. ®oll7] (2.4)

The total production ohie microgrid is given as,

60 nNo Vo {0 0o[17] (2.5)

When,6 6 0 0 [17] the microgrid is said to operate in island mode.

2.5 Communication Protocols of Smart Grid

A communication between two entities has a set of rules called protocols. These
setk of ruleshave a syntax through which messages can be exchanged between two
systems. These protocols are implemented on networking platform. Various protocols are
listed below.

a) TransmissiorControl Protocol (TCP):

TCP is employed in transmission aformation wihin anetwork or across the
internet.The protocol establishes a connection between a sender and a receiver. TCP
divides thenformation into short pieces or short packets for sharing the media and for
more efficient transmission. These shgckets areeassembled dahedestination. TCP
is used irthetransport layer.

b) InternetProtocol (IP):
IP is an addressing protocals itaddresses tthe systemand thedeviceslt is
also known as routing protocol since it helps packets imouting to nods in a network

till the destination.
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c) User Datagran®rotocol UDP):

UDP isused as a substitution protocol to TCRP doesot guarantee the
delivery of packets. The UDP is faster than TCP. UDP is mainly responsible for low
latency linkingand loss toleation[22].

Internet of ThinggloT) and Machine tdvachine(M2M) applications aréwo of
thechallengingapplications of smart grids. Generally, IPV4 seladge amourgof data
at a time, but smart meters do not support the transmisslargefamourstof data at
once.

The problem can be resolved by altering few approaches in IEEE 802.15.4
standard, which is specially designed fordmate and lowpower wireless persaiarea
networks. IPV6 architecture can be used to meet the requireaiemsrt home.

IPv6 architecture allows the devices to access the information from the cloud and
interact with the other users. IPv6 and IEEE 802.15.4 technobatyeesbacks are
resdved by deployment of a layer in which the IPv6 and IEEE 802.1%d dm
adaptation between them. This adaptation is 6LoWPH..0WPAN compressethe
size oftheheader which results in reduction of transmission-tead. IPv6 header
compression, reasmbly, packet encapsulation and packet fragmentation are the main

featues of 6LOWPAN[17].
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Figure 2.7: Communication protocol and standards of smart grid[22]

2.6  Role of SmartGrid in Renewable Energy

The main source of energy in most power generating systems is the fuel, whereas
solar energy is the main source for renewable erf@®]y Cost and availability are the
important problems that arises with renewable energy sources.

The smart grid provides the integration of renewablergy sources. Most smart
grids arelocated far away from closely populated areas and exist near fuel source or dam
site to take advantage of renewable energy sources.

The produced electric power is stepped up to a higher voltage when it is
connected tohte transmission network. The transsinis network is built across long
distances until it reaches the final customer. At substtiba power will be stepped
down to a transmission level voltage, from which it enters the distribution wiring. The
power isstepped down from distributed vol&atp required voltage on arrival at the

destination.
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2.7 NRGCoin

NRGcoin is a virtual currency which is generated by injecting locally produced
renewable energy into the smart grids. The mission of this currency ishewerld's
leading cryptacurrencyby promoting a sefunding and decentralized governance
system. It is a master node coin which uses a modified version of ezagiemoto
algorithm called Energi hash. It aims to be the mostingardly cryptocurrencywith a
secure and trusted platfof2v].

There is no maximum limit for this currency, but the supply is limited to a fixed
amount of one million coins per mtt. Of the million coingenerated each month, 10%
ofthecoinisabhc at ed t o founder6s rewards, 10% to
nodes and the rest is allocated to treasury. The 50% of coin which is allocated to coin
founders and team members viaé used for developmentamarketing thus helping the
currency to have a strong funding mechanism.

NRGcoinds mar ket value i s daaedpenr mi ned by
exchange market. Higher demand increases its market value waésgsnumber of
sells decreases it.

2.7.1 Staking

NRGcoin was fully transitioned to proof of stake from proof of work on February
26, 2019 helping participants to stake energy coins from Energi core wallet. Below is a
short process on how to stake NRGcpymi would need aninimum of 1 NRGcoin to
start staking24].

a) Make sure the Energi core wallet is completely in sync with the blockchain

network.
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b) Go to settings and click stestaking[24]

c) Unlock wallet by entering wallet passphrase

d) Staking can be started once the arrow at the bottom right hand corner turns green

2.7.2 Properties of NR®oin

a) NRGcoins serve dbe right to receive an equivalent quantity of energy
irrespective of its market value thus making agents feel secure about increasing energy
prices.

b) This currency can be traded famequivalent amount of energy or can be
convertedo fiat currency at angoint in time.

c) NRGcoins can also be used as a business for buying and selling currency for
individual profits.

d) Distribute System Operators (DSO) use NRGcoins as debt instrument with high
liquidity which helps them to quickly convehe currency to cash.

e) DS0O06 s a@large partsoe of their cash assets on investments by delivering
energy instead of cash to compensate their debts.

f) This currency resembles Tradable Green Certificates (TGC) or Renewable Energy
Certificatesthus beingused as a measure ohesvable energy and as an approach to
support clean energy eft.

g) Being designed to have much finer granularity than TGC's, fractional amounts of
energy can be exchanged quickly unlike with TGC's.

h) NRGcoins can serve as internatiooaitrency to trade greeamergy across

different countries.
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i) NRGcoinsarebeing decentralized without an issuer, it has less purchase
obligations compared to TGC's.

2.7.3 Use Cases

(a) Masternode Use Case:

Masternodes are point of intersections on a decentralizadmetvhich provide
features such as private and instant transactions to the blockchain network. Masternode
holders earn rewards for second tier staking which include governance mechanisms for
the owners of masternodes.

(b) Mining Use Case:

To secure the exchga network, miners am@dso rewarded for employing their
compute power to proof of work. The fee given to the miners will serve as reimbursement
for the compute power.

(c) Partner Use Case:

The Energi 6s smart contract platform wi
Application) and few ther project partners. Energi provides vaauls such as technical
expertise and decision making which will drive value to partnerships and projects based
on their merif25].

(d) End-Consumer Use Case:

The end consumers can use NRG as a store of value and as a utility for use in the
smart grid. The more Energi DApp partners are on boarded into the network, the more
usable the platform get$he defense department will make sure that the end users have a

secure platform by working with law enforcement and cyber security experts.
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2.7.4 Energi Platform
a) Business Development:

Energi will establish an incubator program to support early stage bliokch
startupson the Energi platform. High quality infrastructure projects which will help in
building its platform will be highly encouraged by this program.

Ener gi 6 s p esadviceoandsupport cequired for building sound
business models thusauraging the projects to collaborate with other projects. Access
to the metrics and assessments will be provided to the partners on the platform which will
help them in evaluating pjects to meet industry standards.

b) User Protections:

Like other emergingechnologies, blockchain system has no exemption to
unauthorized access to the fundshie network Hacking and high security measures
required to maintain crypto currency are twdhad main reasons for delay in its mass
adoption. The Energi Bureau ofviestigations (EBI) helps in protecting its user base
from bad actorsmthenetwork like hackers and scammers. To protect its users, Energi
community works with relevant law enforcemi@gencies and other institutions
wherever possible.

c) Engineering Suppart

Energi platform takes help of DApp teams for technical guidance, assistance with
contract auditing and for ensuring proper security measures are in place for the growth of
its platiorm. Similar to Ethereum, Energi has solid contracts with its partndrs amns
to establish an eetlentdevelopeif r i endl y pl atform for DAppo&s

will be offered to the developers to improve their knowledge in blockchain technology
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d) Marketing Systems:

Energi 6s mar keti ng s yialeaediatoaffeaisely f ul | ad

communicate its vision to not just the crypto currency enthusiasts, but to the people who
are new to crypto currency market as well. Energi has also cieatedTube video
series to educate new users about the cryptocurrendyl@iathain technology as a
whole.

To share Energidéds | ong term vision and
members travel to global blockchain conferences.

The founder oNRGCoin, Tommy World Power, initially performed airdrop
campaigns whiclare not only a way of distributiftg R G ¢ o but @se encouraging
engagement with Energi social media platforms thus helping it to gain a significant web

presencél5].
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3. GAME THEORY AND ITS TYPES
3.1 Introduction to Game Theory

A game theory is emathematical method of making decisavith multiple
decision makers, called players or agents. A strategic situation is analyzed to determine a
particular action. The situationvolves a group of players each having possible choices.
The result of anndividual player depends on the decisions made by other players that
participate in the game.

An essentiahssumption of game theory is that the players involved in the game
are ratonal. Rationality means that the individuals who are involved in the gagne
aware of the strategies and choices available to them, whichtheipto decide the best
strategy that can implemented to get the desired outcome.

Thus, the game theory can @etermined as a study of strategic situation
involving rational playerard this theory can be used in various fields such as
economics, networking, wireless networks, wireless communications and other real time
scenarios.

In economics, the competitiortiveen companies can be modelled through game
theory, we use game theorynetworking to solve the problem of routing and resource
allocation in a complex situatioandthe communication devices of a wireless network
are controlled by network operatorng &pplying the concepts of game theory.

Based on cooperation tigame theor is classifiedinto two branchesvhich are
Non-Cooperative game theory and Cooperative game th&beyfocus of Non

Cooperative game theory is the distribution of payoff among individual players.
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Whereas, Cooperative game theory focus on how the fpangoflivided among a
group of players compared to individual plag/er
3.2  Non-Cooperative Game Theory

Theconcept of norcooperative game theory is applied to predict individual
player actions and payoff, as opposed to the actions involving a group of plagieeds
with the strategic decisions of individual players who try to increase their payoffs,
without considering the effects of their decisions on another pladgatsome. The word
noncooperative doesnod6t al ways ewihgach dther, t hat
it means that the decisions taken by the players should bengeiting with no
communication between the players involved in the gi2tg

3.2.1 Basics of NonCooperative Game Theory

The NonrCooperative game theory is divided into static and dynamic games.
static games, the actions of the playeeswaraffected by time and information. The static
games can be described as a process where all ptagikeesdecisions simultaneously or
at different time slots. To the contrary, in dynamic games alpldngers who are
involved in the game have informatiabout other playeé&hoices:- here time plays a
central role in making decisions.

A static game has three components which are: the set of pyaarton sets

© .« and utility functions 6 . . To maximize their utility funcin6 ho , each

playeri chooses an actiaid N 0 that depends on actions taken by all other players who
are involved in the game, which is denotediby.Whereas in dynamic games, the
players defin@dditional componentsuch as information sets, times and sets involving

information about past actiofi26].
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3.2.2 Solution Concept of Norcooperative Game Theory

Nash equilibrium is the solution concept of rayoperative game theory. It
involves two or more players, where each player is expected to know the strategies of
otherplayers involved in the game andither of the playstis going to gain any profits
by changing their own strategies, while other players strategies remain constant.

The Nash equilibrium has both advantages and drawbacks. The advantage is that
it descriles the stable state of ronopeative games in which no player can maximize
their utility by changing their actiom, while the actions of other players remains
unchanged’a [27]. The drawback is that, in games where each playea fiaise action
set, Nash equilibrium is expected to exist in mixed strat¢g8}sA noncooperative
game theory can have numerous Nash equilibnies $kelecting the appropriate Nash
equilibrium is challenging.

3.3  Cooperative Game Theory

In non-cooperative games, the players are not able to form coalitions and
communicate dectly with each other. To the contrany cooperative games, players
communicatavith each other and receive utilities. The concept of cooperative game
t heory provides answer to the question, AW
eachotheranddetie t o c d26]per at e? 0

Cooperative game theory consists of ests: Nash bargaining and coalitional
game, Nash bargainingvolvessituationsn which a group of players must agree on
certain conditions under which they can cooperate. Whereas, the formation of

cooperative groups or coalitions are discussed in cwaitgame.
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By forming coalitions, players can receive more benefits then tbhejdvobtain
individually. The players involved in the coalitiolo not alwayshave thesame interest
and donotthesamevaluei but e

The players involved in a coaliti@xpect to receive benefits by forming
coalitions, depending on the value theytcitite. These players are important for the
existence of the coalition and are calted coreof the coalition.

3.3.1 Elements of Cooperative Game Theory

The elements of a coo@ive game theorgire a set of players and a characteristic
function. Supposé ¢ denotes the number of players in a game, numbered form, 1 to
andN denotes the set of playd¥s {1,2,3, . . .,n}. The coalition §) is defined as a
subset ofN, “YN 0, and set of all codtions is denoted by .

The seiN is called the grand coalition atiteempty set is called an empty
coalition. In case of 2 players i.e., whas, four coalitions §, {1},{2 }, {1,2}} can be
formed. In general, fan players, set ofcoalitions can be formed witH' lements in
it.

Definition: A n-person coalitional game is representedNywj, hereN =
{ 1, N} & the set of players andis the characteristic function. The characteristic
function must satisfy two conditig, [29]

() (VI L1

(i) if SandT are two separate coalition®% “Y « ,then0 Y 0 Y

DY Y ¢w
V(S is considered as value or worth of a coaliti®(0 . The condition (i)

states that the value of an empty coalition is zero and (ii) states that the value of two

33



separate coalitions should be greater when they join compared to the value obtained when
they dondét form a coalition.
If the set is formedby all the players of theoalition, it iscalled agrand coalition.
The grand coalition may not always be profitable for allglagersthus it is preferable
for some players to form Simadodlitionosetanith t i on s
payoff a/6and if the members fS6jain another coalitiors®and get payoff°the players
who choose to form coalitioB are calleddefectorsand the payoff receively themin
coalitionS’is greater than the payoff receiviegl themin coalitiondd  iv2> & [30].
In contrast to grand coalition, empty coalitics a sewith no players in it. A
proper subsés a coalition which consists of players less than the total number of
players. If the coalition is made from one player, then it is callesirageton coalition
[31].
Types of players in Cooperative Game Theory
Depending on the contribution of the players in the cooperative game, they are
divided into three types which are Regular, Dummy and Wktgers. Regular players
are those who expect payoffs by contributing to the coalition, these players are not
i mportant for forming the coalition. Dummy
coalition but are important to a coalition, due to whiclythet some payoff at the end of
a game.
A playeri” is said to be a veto player, if he is involved in all winning coalitions.

i"is a veto playerib 0 » '@  m[32].
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3.3.2 Nature of the Characteristi¢-unctions

Thecharacteristic functions of @operative game aexpected to be super
additive, sukadditive or monotonic. A game is said todoperadditive if the value
obtained by the players in coalition is greater tthensum of all values that the players
would receive individually.

A game G=(Nv) is superadditive, ifSandT are separate coalitionsy, Y
e andd Y Y 0°Y 0 “YforallS " "YP 0 whereO3" T)is the payoff of the
coalition andv(S)v(T) are the values of individual playdB2].

When theworth of a coalition is less than the sum of the@ r tolbtadned by
individual players, the game is saabesub-additive. A game is sudditive when

"Y Y ¢ and0 Y Y 0 Y 0 "Y.Monotonicity means that larger coalitions
gain more value, when a coalitidiis greater than coalitio&it produces higérvalues
,CYP YO 0Y 0 Y [33).
3.3.3 Definition of the Core

One of the solutiontymo f cooper ati ve gamivolteeory i s
about the stabiljt of the coalition instead of fair distribution of payof#g]. Sometimes
the playes may forma grandcoalition,or some playersaywish toform smaller
coalitions. As, sometimes players in a smaller coalition gain more g&8its

Thep ay o f f x6is sad tode in tlheore of the game (N) if,

"YPOB. ® 0°Y (3.1)

Thesum of payoffs obtained by players in a-®aalition Sshould be at least
equal to the payoff obtained by the players by not forming a coalition. In some games, the

core defines the empty set.
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A game with arempty core is described as a situation with strong instability, as

expected payoffin a grand coalibn are vulnerable to coalitional blockifi§4].
3.34 The Shapley Value

According to Lloyd Shapley, theenefits are divided among players according to
their marginal contributions or the payoff received by each individual player is equivalent
to the valueheyadd to the coalition. For exampk®nsider &committee in which all the
membersnustbe presenta pass a suggestion. Heve) ph Y mwe QO
“YWhere,N is the total number of playerSjs the coalition with missing member.

0 0 00OAN Q pdenotes that for each memléhe marginal contribution
is 1and allthe members are important to add value. In this scenario, the marginal
contributions cannot be allocated to all the membersases where the benefits can be
divided equally among ¢hmembers so that each member gdtsoithe value, the
Shapley axioman be used to allocate the vajge].

(&) ShapleyAxioms

According to Shapley, the surplus can be distributed equally among the players in
a fair way by considering the value added by each plageachieve this, the following
axioms are proposefB5]
(i) Efficiency: The payoffs should add up v(N), which means that the surplus of the
grand coalition should be allocated among the players.
By e 0 00 (3.2)
(i) Symmetry If two playersi andj contributethe samevalue to every coalition, than
andjare said to be vionnterchangeable w.r.t 0

0t Q. 0t Q (3.3)
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(iif) Additivity: Thesolution to the sum of two TU (Transfer Utility) games must be the

sum of the value obtained by each game.

0p Q) (9=VL(S)w2(S (3.4)

(iv) Null PlayersA playeriissaidtobeaullpl ayer i f he doesndét ad
coalition.

0 Q 07 (3.5)

(b) Mathematical Definition of Shapley value

The Shapley value is the solution concept of coaipee game theory. In a
coalitional gameN,v), theShapley valualivides the total payoff among the players of
the game.

According to theShapley value, the amount that plagéreceives in a coalition
game(N,v) is defined by,
30 —Bop BAE Bs pAO3 E 03 (3.6)

Where,n is the total number of players and the sum extends over all s@axfets
N not containing playetr The Shapl ey value describés the

03" E O3 when added tacoalition thatd o e s n ditid ithvehicheis 6

multiplied by different ways of coming up with marginal contributig@g\ ¢ 3

p Aand dividing by all possible ways in which the coalition can be forfN&d [34].
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4. PROPOSED COOPERATIVE GAME THEORY FOR PROSUMER
COLLABORATION
4.1 NRG-X-Change Mechanism

Traditionally, the locally produced renewable energy was traded any-altbad
basisby the prosumel(a person who produces and consumes enargithe consumer
(a person who consumes the engrgy engagingn a double auctioto exchange their
energy{1]. In a double auction market, buying orders were submitted to au lagé¢he
buyeas who would offer high prices to pagnd sell orders were submitted to set lower
prices for selling [2]. Buthite buyers and sellers wouded and order inefficientlyas the
bidding was dependent dime assumption of future supply and derdan

For exampleprosumersvho wereunaware of the market would bid their energy
at a higher price, whictvould bringunmatched ordsifor their energyDue toalack of
buyers at the timehe energywould beproducedand injected into the griand
prosumes would make zero profit.

Currently,the NRG-X-Change mechanism is used for trading locally produced
energywh i ¢ h d o e s rih@dnergy engrieinodmatching of orders tather
produced energy is fed contirugly to the grid and prosumers are paidording to the
actual usage [1]n this mechanism, each prosumer provides energy to the grid
individually and gets paid according to his contribution.

Instead the prosumers can form coalitions with other prosgroéthe same grid
which may sometime®sult inahigher profit than they would obtain by investing their

energy into the grid individually.
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4.1.1 System Model
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Figure 4.1: Example scenario[2]

In Figure4.1, we have aetl, wherei=1,2,3 . n housesn smart meteyand a
substationPi(t) is the amounof energyproducedand G(t) is the amount of energy
consumed by" house A prosumer consumes his produced energy first and provides
excess amount @nergy to the gridthat isindicated byX. The data of energy produced
and consumed by each prosurnsecalculated by smart metevghich are connected to
individual housesThe sibstation uses the data provided by smart meters to calculate the
total energy prodttion (t,) and consmption () of all the prosumersand theproducers

are billed accordingptthe price function Qi for their produced energy.

z

Where, Q&b o = — (ais the scaling factor and q is the maximum

cost that is awarded for the injected enefgy)
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4.2  Computing Shapley value

In this section, aimple example is presented to explain the calculati@napley
value.We test different pricingchemes suchslinear, convexand concave tanalyze
theeffect of coalition on gains obtained by prosumers.

4.2.1 Example of Shapley valu€alculation for 3 Prosumers

We consider a communityf three solar prosumers P = {1,2,3}hwagree to
form a coalition and produces energyshswnin Table 4.1. Here, the numbef possible
coalitions are 28 and the number of ways to build the grand coalition is 3! = 6.
Mathematical Model
Parameter Definition

I Total number bprosumersi = {1,2,3}

S Subset of = {{1}{2}.{3 }, {12} é¢& {1,2,3}}
pi Energy produced by’ prosumer
Total energy (kWh)P=B 0 (4.1)

Consider, for example, the characteri$tioctionindicatedby 0 Y, which
determines the value obtained by coalition of different subsets of prosumers.
0Y T @ P? (4.2)

Table 4.1: Energy produced by each prosumer

Prosumers| Energy Produced (kwh)

1 100
2 30
3 85
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Table 4.2: Possiblecoalitions of each prosumer

Coalitions Value of
Characteristic
function
1 S=n oo 0
2 S={1} 0 p 1200
3 S={2} U C 108
4 S={3} o 867
5 S={1,2} UpC 2028
6 S={1,3} Vpo 4107
7 S={2,3} 0(23) 1587
8 S={1,2,3} 0(123) 5547

In Table 4.2@His the set of each coalition formatianda20 is thecharacteristic

function that is calculated for all the 8 possible coalitions.

Table 4.3: Shapley value calculation ofProsumer 1

Ways to build grand Possible ways to build Marginal
coalition grand coalition Contribution of
prosumer 1
1 12 123 0(1)-0(G ) =1200
31=6 ways to build ther™ 737735 51y oG ) =1200
grand coalition
2 21 213 0(12)} 0(2) =1920
2 23 231 0(123) v(23) =3960
3 31 312 0(13)0(3) =3240
3 32 321 0(123) 0(32) =3960
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After cdculating the marginatontribution of prosumer 1 for each case in which
the grand coalition can be formed (Table 48 can calculate the Shapley value of
prosumer 1 by the equatidelow:

30 —Bp BAT Bs pAO3 E O3 [34] (4.3)

Input Parameter

Notation

Set Definition

Y Y=[{1,}, {23}, {1, 2} é, { 13caalitiBnjcdmbinatichs
Parameter Definition

n Total number of prosumers

n! 3! = 6 coalition combinations

0YYQ 0Y Marginal Contribution of'f prosumer when added to $¥t

F.(v) Shapley vhue of i house for cost function

SYA ¢ $%% p A Different ways in which the marginal contributions can be

formed
noo —AchnTchtTpoocmoocpTUcTTUoocpn (4.4)
noo —ABCpCT[T[pOOCTCOOO(pTIOCTT[ACUl]JT[ (45)
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Table 4.4: Marginal Contribution of Prosumer 2

Ways to build Possible ways to Marginal
grand coalition build grand Contribution of prosumer 2
coalition
1 12 23 0(12}0(1) =828
31= 6 ways to 1 13 132 0(132) v(13) =1440
build the grand 2 21 213 0(2) - 0(l )
coalition
2 23 231 0(2)- 0(G )
3 31 312 0(312)}0(31) =1440
3 32 321 0(32) 0(3) =720
PO —SBUcupTTTmTWYpTMYpTTIKGT (4.6)
"o SBuycuygpTTTmopTY XCTMAXXT (4.7)
Table 4.5: Marginal Contribution of Prosumer 3
Ways to build grand | Possible ways to build Marginal
coalition grand coalition Contribution of
prosumer 3
1 12 123 0(123) 0(12) =3519
3! = 6 ways to build . . —
the grand coalition 1 18 132 L3} u(1)  =2907
2 21 213 0(213)-0(21) =3519
2 23 231 0(23) 0(2) = 1479
3 31 312 0(3)- v(0) =867
3 32 321 0(3)- u(0) =867
PO —BouvpwwmxsupwTXxXaexyex (4.8)
nou —ABcoupooqooT[xptxoo;qJ(px A2193 (4.9)

The Shapley valugof ProsumeR and 3 indicated by equations (4.7) and (4.9) are

calculatedsimilar toProsumer 1.

43



Table 4.6: Shapley values with and withoutCoalition of each prosumer

Prosumer| Shapley value Shapley value
with coalition without coalition
1 $2580 $1200
2 $774 $108
3 $2193 $867

From Table 4.6it can be observed that all three solar prosumers receive better
benefits by investing their energyancoalition withcharacteristic function
U T ENO (4.10)
4.2.2 Comparison of Shapley value for Convex, Linear and Concave

characteristicfunctions (Y=X"2,Y=X, and Y3/<%)

Table 4.7: Energy produced by individual prosumer

Number of Energy produced by the
prosumers individual Prosumer
(N)
2 [100 30]
3 [100 30 85]
4 [100 30 85 70]
5 [100 30 85 7(0]
6 [100 30 85 70 60 45]
7 [100 30 85 70 60 45 20]
8 [100 30 85 70 60 45 20 15]
9 [100 30 8570 60 45 20 15 90]
10 [10 30 85 70 60 45 20 15 90 11¢
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Table 4.8: Shapley valuecalculation with and without coalition for different characteristic functions

Y=X2 Y=X Y=L
Number of Average Average Average

prosumers Shapley value Shapley value Shapley value
With Without With Without With Without
Coalition | Coalition | Coalition | Coalition | Coalition | Coalition
2 1014 654 7.8 7.8 0.6838 0.9286
3 1849 725 8.6 8.6 0.5865 0.9878
4 2436.75 | 690.5 8.55 8.55 0.5064 0.9919
5 2856.6 639 8.28 8.28 0.4458 0.9794
6 3042 573 7.8 7.8 0.3949 0.9503
7 2881.7 498 7.025 7.025 0.3471 0.8912
8 2709.3 438.7 6.375 6.375 0.3092 0.8379
9 3536.3 498.3 6.866 6.866 0.3025 0.8713
10 3000 300 6 6 0.2683 0.8485

The energy produced by each prosumeraretageShapley valugfor different
number ofprosumergN=2 to 10)assuming that approsumergorm grand coalitions
listed in the above tables (4.7) (4.8).Shapley value is calculated for two instances: when
prosumerss form (i) a coalition (ii) without coalitionand iscomputedor convex, linear
and concave characteristic functions.

From the first condition i.e., wheh @ , we can infer that therpsumes can
earn more profits by forming coalitions rathlean putting the energy into the grid
individually.

In the linear cadition,& @we can observe that the profits earned by the

prosumersarethe same when they form coalitions and when tbeytribute energy

individually. From the third conditiond &, we can conclude that the profits earned
by prosumergdy not formirg a coalition is greater when compared to the profits they earn

by collaborating.
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4.3  Analysis andComparison ofThree Codes
The total coalition formations ar8hapley valugare calculateé by a code written
in MATLAB. Shapley value can be computed using three different codes, that are

analyed by comparingexecution time of the three codes

Table 4.9: Pseudo code for all 3 codes

Pseudo Code

Code 1 Code 2 Code 3
Inputs : Function result Function
m = total possible coalition =Shapleyy, coalition Shapley=Shappie
combinations ,player)
A = matrix with all possible n=Total number of|
coalitions Switchnargin prosumers
n = Total number oprosumers || (returns number of Al=[matr(n) v’]
functioninputarguments) (contains all
for k=1:n case 2 coalitions with
for i=1:m case 3 &/ Galueg
if it" column of eachmow > if stremp (firstplayer, While i<n
o 61 eft 6) for
Kis t o v @ahkie o that matrix of original M; calculates
row coalition is flipped to marginal
A1 Matrix storeshe left contributionsof
coalitionswhen itsi™" end coalitions
column is >0 original coalition is Shapley;
else convertedo decimal and calculates
end st or e d& viidn 6 Shapleyvalue
end assigned with valuesf by dividing sum
Az stores coalitions not listed | | &/0 of M with n!
in Ax end end
for i=1:m Mois the total number of
for j=1:m prosumers
if As[]==A[] n_factorial= calculates
Kzs t o v @ahie ob factorial valueof 6 n 6
coalitionsnot listed inK; | coalitions=de2bi( );
else (convertscoalitions from
end binary b decima)
end
end for i=1:n
K3 Calculates marginal part; coalitions with i’
contribution of K'prosumer prosumer
Ks= (KaT K1) ex: when n=3
K4 sum of coalitions in set A part=[100 101 110 111]
fori=1:m not part; coalitions not
if Ka(i)>0 involved in part
6r 6 calcul at part id; part matrix
marginal contributions in K converted talecimal
else not part id; not part
end matrix converted tg
end decimal
S divideso6 rbyo n 6 t o Result: calculates
calculate Shapley value of"k Shapley value of
prosumer. individual prosumer
end end
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43.1 Comparisa of Execution Times
We consider four different sets of prosum@nssuch as {2,5,7,1Q}and for each
set of prosumey various production and consumption values are considerestaaidd
for 3 different cases
1. Production >Consumption
2. Production =Consumption

3. Production <Consumption

Table 4.10: Input values whenproduction > consumption

No. of Production Values Consumption Values
prosumers
2 {35,55} {15,25}
5 {35,60,85,110,135} {10,25,60,55,100}
7 {35,60,85,110,135,150,175}| {10,25,60,55,100,75,125}
10 {35,60,85,110,135,150,175,20, {10,25,60,55,100,75,125,15(
215,235} 185,175}

Table 4.11: Input values whenproduction = consumption

No. of Production Values Consumption Values
prosumers
2 {10,20} {10,20}
5 {10,30,50,70,90} {10,30,50,70,90}
7 {10,30,50,70,90,110,130} {10,30,50,70,90,110,130}
10 {10,30,50,70,90,110,130,150 {10,30,50,70,90,110,130,15
170,190 170,190
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Table 4.12: Input values whenproduction < consumption

No. of Production Values Consumption Values
prosumers
2 {15,25} {35,55}
5 {10,25,60,55,100} {35,60,85,110,135}
7 {10,25,60,55,100,75,125} | {35,60,85,110,135,15075}
10 {10,25,60,55,100,75,125,15( {35,60,85,110,135,150,175,20
185,175} 215,235}

We consider input valueom tables 4.104.11 and 4.12or 3 different codes,
each used to calculate the Shapley value and then calculate the execution tirbg taken
each of the codes.

(a) Case 1: (Codé€l)

In this case, the execution time takenGnde 1 is calculated by considering input
values fromrlables4.10, 4.11 and 4.12nd studied for 3 different cases (P>C, P=C and

P<C)as shown in Table 431

Table 4.13: Execution time for Code 1

Number of prosumers Execution Time of
(n) Code 1 (sec)
P>C P=C P<C
2 0.015 0.013 0.015
5 0.036 0.037 0.039
7 0.368 0.413 0.387
10 23.052 22.621 22.879
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Execution Time for Code 1
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Figure 4.2: Execution time for Code 1 for 3different cases of production and consumption values

In Figure4.2, theplot represents the execution time for 3 different cases of input

values ). Theplot indicates that time takerylode 1 to execute the Shapley value is

roughly thesame forall 3 cases (P>C, P=C and P<C) as the three plots are overlapping

on one another. The execution time is increasing frefton=10, as the number of

coalition combinations gradually increasesin=7 (128 coalition combinations) to

n=10 (1024 coalition combinations).

(b) Case 2: (Code?)

In this case, the time taken Bypde 2 to execute the Shapley value is obtained for

3 different scenarios of production and consumption values, as mentiohabléen. 4.

Table 4.14: Execution time for Code 2

Number of prosumers Execution Time for
(n) Code 2(sec)
P>C P=C | P<C
2 0.030 0.031| 0.030
5 0.033 0.033| 0.034
7 0.035 0.035| 0.037
10 0.053 0.051| 0.061

49



Execution time for code 2
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Figure 4.3: Execution time of Code 2 for 3 different cases of production and consumptiovalues

When compared witlRode 1, the execution time taken Ggde 2 when the
number of prosumers) increasess muchless. Code 2 is begsedfor the cases when
0 rvalue is higher.
Case 3: (Code’)

In Case 3, the execution time taken®gde 3 is calculated by considering input
valuesfrom Tables4.10, 4.11 and 4.12nd studied for 3 different casaes mentioned in

Table 4.5.

Table 4.15: Execution time for Code 3

Number of prosumers Execution Time for
(n) Code 3 (sec)
P>C P=C | P<C
2 0.005 0.006 | 0.005
5 0.011 0.012 | 0.013
7 0.028 0.023 | 0.030
10 0.201 0.220 | 0.216
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Execution Time for code 3
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Figure 4.4: Execution time of Code 3 for 3different cases of production and consumption values

In Figure 3thetime taken byCode 3 to execute the Shapley valusoisghly the
same forall 3 cases (P>C, P=C and P<C). Compared to the other 2 codes, the execution
time taken byCode 3 when the number of prosumenrki$ less (=2 to 7) issmaller
Hence,Code 3 is suitable for the cases wimer= 7.

(i) Comparison amongthree codes for eaclof the three cases (P>C, P=C, P<C)

Table 4.16: Comparison amongthe 3 Codes for the case of production > consumption

Number of prosumers Production > Consumption
= Code 1 Code 2 Code 3
2 0.015 0.026 0.005
5 0.036 0.034 0.011
7 0.368 0.099 0.028
10 23.052 0.151 0.201
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Production > Consumption

25
g 10, 23.052
@£ 20
£
= 15
c Code 1
2 10
3 —8—Code 2
L% 5 —o—Code 3

o

©-2.0.086—5,0.038 7,0:688— 10,0.236
0 2 4 6 8 10 12

Number of prosumers/consumers (n)

Figure 4.5: Execution time taken by 3Codes for the case of production > consumption

The fble 4.5 providesthe execution time taken by the three codes when the
production values are greater than the consumption values. From thecplobe
observed that execution time fGode 2 and 3 is almost equal while execution time for

Code 1 is very high as the sétioput valueds increased.

Table 4.17: Comparisonamongthe 3codes for the case of production = consumption

Number of prosumers Production = Consumption
(n)
Code 1 Code 2 Code 3
2 0.013 0.025 0.006
5 0.037 0.036 0.012
7 0.413 0.035 0.023
10 22.621 0.069 0.220
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Figure 4.6: Execution time taken by 3Codes for the case of production = consumption

The able 417 provides the execution time taken by the three codes when the

production values are equal to the consumption values. As seen in the previous case,

execution time foCode 2 and 3 is almost equal wheompared wittCode 1, whose

execution time is very higiwhen the number of prosumers (n=10) is high.

Table 4.18: Comparison amongthe 3 codes for the case of production < consumption

Number of prosumers Production < Consumption
(n)
Code 1 Code 2 Code 3
2 0.015 0.025 0.005
5 0.039 0.035 0.013
7 0.387 0.036 0.030
10 22.879 0.049 0.216
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Production <Consumption
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Figure 4.7: Execution time taken by 3codes for the case of production < consumption

The executin time taken by the 3 codes when the production value is less than
the consumption value is provided taple4.18.As seen in therevious cases (P>C and
P=C) the time taken by code 1 to execute Shapley value is more when compared with
Code 2 and 3.

So,from all the above observations it can be concluded that code 1 takes high
execution time as the valuemfncreases. Code 1 is not preferable for cases where the
production/ consumption valug)(is more than 10. Code 2 is suitable for the cases when
production is equal to and less than consumption value. The execution time taken by
Code 3 when the number of prosumers/ consunmgiis (ess (= 2 to 7) ismuch

smaller So, Code 3 is suitable for the cases when n<=7.
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5. ANETWORK OF PROSUMERS

In this chapter, we consider a network of prosumers who belong to the same grid
and agree to form a coalition. 8ection 5.1, the production and consumption values of
each prosumer are considered hypotheticabebktion 5.2, we collect the data frdPecan
Streetinc.[36] to study how Shapley value changes according to the change in
production and consumption values.
5.1 A Network of 5 Prosumerswith Hypothetical Values

5.1.1 Examination of Multiple Scenarios tofind Shapley valueus i ng 06 g6

Function

In this section, the network is considered to have 5 prosumters. Tf ugbct i on 0
which is the price function for paying producg¥is considereds the characteristic
eqguation. Miltiple scenariosvith different hypothetical values of production and
consumptiorare examined

Mathematical Model

Notation

Set Definition

I Total number oprosumersi= 1, 2, 3é, n

Y Coalition combinations of all prosume&; [{1},{2}.{3},{4}.{5},

{1,2}, {1, 3} 2%ossitle ways t® fodopabtiprg =
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Parameter Definition
q Maximum cost that is awarded to the prosumerhisrproduced

energy($0.1per kWhH

a Scaling Factor

Pi Production of'" prosumer

Ci Consumption ofi prosumer

@ Difference betweerprosumerproduction and consumptioim i
house

n! 5! = 120 coalition combinations

0YYQ 0Y Marginalcontribution ofi!" prosumewhen adeéd toyt hat doesno
containi

SYA ¢ S p A Different ways in which the marginal contributions can be formed

e 0 Shapleyalue ofi prosumerfor characteristidunction
Variable Definition

tp Total energy production of ghrosumers

te Total energy consumption of all prosumers

Difference between production and consumpt{eiiyh) X=B i C)) (5.1)
Total energy production of all prosumers, (kaBZ B Gi (5.2)
Total energy consumption of all prosumers, (kg5 B~ 0, (5.3)
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The fugdbctiisomMedi ned as,

V] Q(Jmhm m) (54)

5.1.2 Results and Analysis
I n this section, we& femshdtisgrapesedbyeNRGv i or
X-change mechanisioy analyang 4 scenariosEach scenario consists of 5 different
caseswhere eaclsase represents a network of 5 prosumers with different production and
consumption values.
i) Scenario 1:
In the firstscenariq in eachcasewe increase the production value of each
prosumer fronD to 100kWh. The consumption value of all 5 prosumers are constant and

equal to [20 20 20 20 2@pr eachcase

Table 5.1: Varying production value and constant consumption value of each prosugnin different
cases

Production Value of each Consumption Value of each

rosumer (Pi rosumer (G

Case p (kWh)( ) p W (@
P1 P2 Ps P4 Ps [ C1 | C| C | C | Cs
1 0 0 0 0 0 20 | 20| 20 | 20 | 20
2 10 10 10 10 10 | 20| 20| 20 | 20 | 20
3 30 30 30 30 30 [ 20 | 20 | 20 | 20 | 20
4 60 60 60 60 60 | 20 | 20 | 20 | 20 | 20
5 100 | 100 | 100 | 100 | 100 [ 20 | 20 | 20 | 20 | 20

By considering the production and consumption value of each prosumer from
Table 5.1 we calculate the total energy praskdand total energgonsimed The total
energy offered is calculated bging Equation 5.5Also, we calculate the Shapley value

of all prosumers as shown in Table 5.2.
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Total Energyoffered kWH =Total Energy produceg)j 1 Total Energy Consumed)

(5.9

Table 5.2: Total Shapleyvalue of all prosumers with their total production and consumption values
in different cases

Total Total
Total energy Total energy energy | Shapley
Case Produced(tp) | Consurmed (t) offered value
(kWh) (kWh) (KWh) (F.)
1 0 100 -100 -0.0454
2 50 100 -50 -41.043
3 150 100 50 41.0425
4 300 100 200 0
S 500 100 400 0
Total energy offered and Shapley value by
i network of 5 prosumers in each case
40 + al -
!\
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Figure 5.1: Comparison of total offered energy and Shapley valuby a network of 5prosumers
in each case

In Casel, the production value of each prosumer is equal to zero, whereas the

consumption value is equal to 20 kWh.
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In this case, the total productia)(of all prosumers is zero and total
consumptiont) is 100. Asty<<t the totalShapley value that eachqeumer receives is
almostequal to 0.

In Case 2, even though the individual production value of all prosisner
increased to 10 kWhhe total production remains less than total consumptier {c).
Thus, thetotal Shapley value of all 5 prosumessnegative.The negative Shapley value
has a physical meaning of zero

In Case 3, the production value of each individual prosumer is increased to 30
kWh. Here, theaotal production is slightly greater than the total comgtion (tp>tc).

Thus, the Shapley va is positive

In Cass 4 and 5, as total productiotp)(is more than twice thaif total

consumptiont) i.e.,ty>>tc the Shapley value is zero due to opsyduction.
i) Scenario 2:

In Scenarid, we consider the dafeom Table 5.1 of Senariol and ckulate the
energy offered byProsumer 2wvith Equation5.6.

Energy offeredKWH = Production valueR)) i Consumption valueQ) (5.6)

We also plot the graph betweemergy offered and Shapley valaEProsumer2

andcomparethe valuesn five different @ses.

Table 5.3: Energy offered and Shapley value oProsumer 2 in different cases

Shapley valueof
Case Energy offered by prosumer 26-C,) prosumer 2
(kWh) (F.)

1 -20 -0.0091
2 -10 -8.2085
3 10 8.2085
4 40 0

5 80 0
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Energy offered and Shapley value of

i prosumer 2 in each case

Shapley value of prosumer 2 (§)
-
*

10 . ' . . . . . . .
20 -10 0 10 20 30 40 50 60 70 80

Energy offered by prosumer 2 (kWh)

Figure 5.2: Comparison of offered energy and Shapley value ¢frosumer 2 in different cases

The energy offered is the difference between production and consonaphice
of Prosumer2. In Case 1the energy offered biyrosumer 2 is negativees consumption is
greater than production. The Shapley valuBroSumer 2 decreasfor Case 2. In Case
3, as the production almost matches the consumpticBhéyaey value ipositive. In
Casa 4 and 5Shapley value is s the production value Bfosumer 2 isnuchgreater
than consumption value

iii) Scenario 3:

In Scenario 3, we assume different production valueBrfisumer 2 in each case
while keepinghe same production vas for other prosumers in all cases. But we
maintain the same consumption values for every prosumer in all cases.

Also, we assume high production values and low consumption values for

prosumes 1 and 3, when comparedPoosumes 4 and 5 in all cases.
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Table 5.4: Constant production and consumption values of every prosumer with varyingroduction
value of Prosumer 2 ineachcase

Production Value of each Consumption Value of ach

rosumer rosumer (G

Case p ) ) p W @
P1 P2 Ps3 P4 Ps | C1 | Co| C | Cs| Cs
1 100 0 120 | 30 40 [ 50| 30 | 60 | 90 | 75
2 100 | 10 | 120 | 30 40 [ 50| 30| 60 | 90 | 75
3 100 | 30 | 120 | 30 40 [ 50| 30 | 60 | 90 | 75
4 100 | 60 | 120 | 30 40 [ 50| 30 | 60 | 90 | 75
5 100 | 100 | 120 | 30 40 [ 50| 30 | 60 | 90 | 75

By considering produatn and consumption valsef every prosumer from Table
5.4, we calculate the energy offered by each prosumer using eqiEedjoiVe also

compare the energy offered afldapley value oProsumer 2 as shown in Tablé5.

Table 5.5: Energy offered and Shapley value oProsumer 2

Energy offered byeach Energy offered by | Shapley Value
Case prosumer K) prosumer2 of prosumer 2
(kWh) (kWh) (F))
Pi. | P2 | Ps | Ps| Ps
1 50 | -30 | 60 | -60 | -35 -30 -239.55
2 50 | -20 | 60 | -60 | -35 -20 -195.062
3 50| 0 | 60 | -60 | -35 0 0
4 50 | 30 | 60 | -60 | -35 30 39.59
5 50 | 70 | 60 | -60 | -35 70 0.509
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Energy offered and Shapley value of prosumer2
in each cases
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Figure 5.3: Comparison of offered energy and Shapley value #frosumer 2 ineachcase

For Case 1 and Case 2, the Shapley value is negative as the production value is
less than the consumption value. In Case 3, the Shapley vdhuesamer 2 is 0, as the
productionvalue ofProsumer 2s equal tdts consumptiorvalue In Case 4, the
produdion value ofProsumer 2s twice that ofconsumption valuehence the Shapley
value is positiveln Case 5the production values very high when compared to
consumption valuéhus, the Shapley valuevsry small

iv) Scenario 4:

In Scenario 4, wacrease the production value of each prosumer from 0 to 100
kWh. The consumption values of all 5 prosumers are constant in each case and equal to

[30 10 31 25 15kWh.
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Table 5.6: Varying production value and castant consumption value of eachprosumer in different
cases

Production Value of each Consumption Value of
rosumer (Pi each prosumer
Case i (kWh)( : FEkWh) ©

P1 P2 Ps P4 Ps | Ci | C | C| Ci| GCs

1 0 0 0 0 0 30| 10 | 31 | 25 | 15
2 10 10 10 10 10 | 30| 10| 31| 25| 15
3 30 30 30 30 30 | 30| 10| 31| 25| 15
4 60 60 60 60 60 [ 30 | 10| 31| 25| 15
5 100 | 100 | 100 | 100 | 100 [ 30 | 10 | 31 | 25 | 15

By considering production and consumption value of every prosumer from Table
5.4, we calculate the total energy offered by all prosurreesach casasing Equation
(5.5). Also, we compare the total offered energy and Shapley value of all prosumers
obtained with and without coalition.

Table 5.7: Shapley value (with and without coalition) for total energy offeré by all prosumers in
each case

Total Total Total Shapley Value
energy energy energy (F.)
Case Produced | Consuned offered
(t) (tc) (kWh)
(kKWh) (kKWh)
1 0 111 -111 -0.04
2 50 111 -61 -41.04
3 150 111 39 41.04
4 300 111 189 0
5 500 111 389 0

63




Total energy offered and Shapley value by
network of 5 prosumers in each case
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Figure 5.4: Comparison of total offered energy and Shapley value obtainday network of prosumers
in each case

In Case land Case s theotal produced energy is less than the tabvalsumed
energy the total Shapley valugbtained by all the prosumersnsgative In Case 3, the
total producecknergy is slightly greater than total energy consurhids, theShapley
value is positiveFor Case 4 and Case 5, as the total produced eisargyre than twice
that of total energy consumetie Shapley value igj@al to zero.

From all the Scenarios, we observe that prosumers obtain positive Shapley values
when production is slightly greater or twice that of consumption. When production

exceed morethan twice of consumption, the Shapley value is negative
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5.2 Pecan Street

Pecan Street is a research and development organizatigathatsdata from
1,115 active homes, 250 solar homes and 65 electric vehicle owners.

For each house, Pecan $trealculates the energy generation and usage for an
interval rangingrom one second to one hdd6].

Pecan Streehformationconsists of a metadata file which is a .csv file as shown
in Figure 5.5This file consistoof DATA IDs whicharenumbes unique to &ouse
residentpair. Each DATA IDis provided with information such as building type, city in
whichtheresident is located, PV system installation, date enrolledReithnStreet, date
withdrawn, power generated bBye PV system, power drawn from the electric grid and

whole-home electricity usage.

Figure 5.5: Metadata file of PecanStreet [36]
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