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Abstract

Allocating Causality-based Network Service
Charges in P2P Electricity Trading for
Cost-Efficient Power System Operation:
System Loss and Violation Charges

Hyun Joong Kim
Department of Electrical and Computer Engineering
The Graduate School

Seoul National University

Integration of distributed energy resources has led to the attraction of the Peer-to-
Peer (P2P) electricity market as a new way of operating the distribution network.
P2P electricity market mechanisms can be classified into centralized and
decentralized mechanism, with the latter receiving significant attention due to
accommaodating multiple market participants with different trading objectives in the
market. However, in a decentralized P2P electricity market where transactions are
conducted solely for the benefit of market participants. Consequently, transaction
may result in excessive system losses and network violations. To address these issues,
this dissertation proposes a network operation scheme of distribution system

operator (DSO) who is responsible for ensuring stable and efficient network



operation. The proposed approach aims to reduce system losses and enhance the total
welfare of P2P electricity trading while maintaining the reliability of the distribution
network by imposing network service charges, such as the system loss cost and
network violation cost, as price signals during transactions.

Allocation of the system loss proposed in this dissertation is designed based on
the cost-causality principle. It is demonstrated that the system loss charge can result
in the optimal market outcome in the P2P electricity market where, the participants
carry out electricity transaction in non-cooperative way. This is proven using a
method that shows the equivalence between the Nash equilibrium condition and the
stationary condition satisfying the optimal market outcome. It is also observed that
equal distribution of system loss cost fails to satisfy the optimal market condition.
Furthermore, this research proposes methods for setting the system loss charge based
on the cost-causality principle, using incremental transmission loss coefficient and
Shapely value.

A P2P trading mechanism for allocating the system loss charge is proposed in this
dissertation. The utility function of market participants is defined including the
system loss price, and the market model is formulated as an optimization problem.
To solve this problem using a decentralized manner such as, the exchange of trading
information among market participants, the gradient method and dual decomposition
technique are used to establish a trading procedure. The DSO notifies market
participants of the allocated system loss charge during the process. Market
participants update their cost or utility function, determine optimal trading strategies
and exchange the trading information with their trading counterparties to obtain

converged trading results.
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The trading process, which allocate the network violation costs, is also based on
an iterative exchange of transaction information to derive converged market results.
The sensitivity factors used in this process provides high accuracy in estimating the
network state and violations, and can replace the nonlinear power flow equations to
ensure market scalability. During the exchange of trading information, the DSO sets
network violation charge estimated by the exchanged trading information and
distributes them using the sensitivity factors. In other words, the participants, who is
expected to cause network violations is informed of the network violation charge
corresponding to the level of the violation they contributed, thereby inducing the
participants to trade within the range where network violations do not occur.

The proposed scheme for the P2P electricity trading, which manages efficient
network operation, is validated using the modified IEEE 33 test system. The
simulation results show that the proposed network operation by allocating network
charge led to a decrease in system losses, improving network efficiency compared
to a market where system loss charges are distributed equally. The cost causality-
based network violation charge can increase the total trading volume and the social
welfare while reducing congestion and improving voltage security when comparing
the network violation charge is fixed. Furthermore, when compared to congestion
management using power transfer distribution factor (PTDF), the sensitivity factors
used for the network operation exhibits a high level of accuracy in calculating line
flow, while maintaining computational efficiency.

This dissertation presents the cost-efficient power system operation scheme for
the DSO to coordinate with a decentralized P2P electricity trading in the distribution
network. The proposed scheme aims to ensure the sustainability of the P2P electricity

market while maintaining efficient and reliable network operation. Moreover, the
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results of research can provide new guidelines for the distribution network utilization
costs in response to the changing distribution network environment from the

traditional vertical and unidirectional to an active and bi-directional energy flows.

Keywords: Cost-causality principle, cost-efficient system operation, distribution
network operator, system loss charge, network violation charge, P2P electricity

trading
Student Number: 2017-21519
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Nomenclature

A. Abbreviations

DSO
FIT
p2pP
PTDF
RES

Distribution system operator
Feed in tariff

Peer-to-peer

Power transfer distribution factor

Renewable energy source

B. Sets and Indices

n,m € N Set of nodes

J € N¢
leLl
(€N,
S
k

Set of consumers
Set of lines
Set of prosumers
Slack node

Iteration step number

C. Parameters

Yn,m
cC)

a;, by, ¢;

L)

Admittance between node n and m [p.u.]
Cost function of prosumer [¢/kWh]

Cost function parameters of prosumer [¢/kWh”2 ], [¢/kWh], [¢]

Line flow sensitivity at line [ according to active power change
node n

Minimum and maximum line flow limits at line [ [kVA]

Minimum and maximum power limits of prosumer and consumer
[kw]

Minimum and maximum voltage limits at node n [p.u.]
Reactance of line [ [p.u.]

Resistance of line [ [p.u.]

Unit system loss charge to prosumer and consumer [¢/kWh]
System loss allocated to prosumer and consumer [kWh]
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A The unit system loss price for loss compensation [¢]
Ui(*) Utility function of consumer [¢/kWh]
a;, B, y;  Utility function parameters of consumer [¢/kWh”2 ], [¢/kWh], [¢]
wc() Welfare of consumer [¢]
WP() Welfare of prosumer [¢]
Voltage sensitivity at node n according to active power change
VSnm
' node m
D. Variables
PLq Active and reactive power flow of line [ [kW], [kVAr]
pli, ql; Active and reactive power loss of line [ [kW], [kVAr]
sf Apparent flow at line [ [kVA]
Sn Apparent power at node n [kVA]
Dual variable of the active power balance constraint for prosumer i
Ai
[¢/kWh]
3 Dual variable of the maximum and minimum line flow constraint at
2t line I [¢/kWh]
7 v Dual variable of the maximum and minimum power demand
7 constraint for consumer j [¢/kWh]
s Dual variable of the maximum and minimum power output
v constraint for prosumer i [¢/kWh]
¥ x Dual variable of the maximum and minimum voltage constraint at
nen node n [¢/kWh]
P, System losses [kWh]
& Causal relationship factor for between system loss and active
mn power at node n calculated by incremental transmission loss
& Causal relationship factor for between system loss and active power
s at node n calculated by shapely value
pji Trading volume between consumer j and prosumer i [KWh]
i Trading volume of prosumer i [kWh]
Uy, Voltage at node n [p.u.]
V.1, U Voltage magnitude at the sending and receiving node [p.u.]
On, Voltage phase angle at node n [rad]



Chapter 1 Introduction

1.1 Background and motivation

Over the past decades, the capacity of renewable energy source (RES) has increased
rapidly following the global paradigm shift toward decarbonization and
technological advances in power systems. The capacity of photovoltaic generators
predominantly connected to distribution networks has increased from 40 GW in 2010
to 709 GW in 2020 with an average annual growth rate of 33%. With adequate
planning, RES connected to the distribution network can provide multiple
advantages to the power system such as decreasing system losses, avoiding excessive
network investment, improving reliability, and reducing greenhouse gas emissions
[1, 2]. Further, the owners of distributed RES or prosumers can pursue economic
benefits by producing and selling electricity, and this can encourage prosumers to
actively participate in load management in the power system [3].

Several countries support the expansion of RES through various regulatory
policies. Among these, the feed-in tariff (FIT) is considered the most effective
method for facilitating RES adoption [4]. The central principle of FIT is to offer
guaranteed fixed prices for electricity produced from RESs during a specific period
[5]. Further, net metering is effective because this method compensates for the net
amount of generated electricity at the retail price [6]. However, FIT and net metering
policies have one common disadvantage. In both policies, prosumers cannot freely

and dynamically decide the price and amount of electricity in a transaction; therefore,



they cannot maximize their utility [7]. Certain countries, where the renewable energy
penetration goal has been achieved to a large extent and the investment cost for RES
has fallen to a low level, have started to suspend regulatory support for RES
generation [7]. In such circumstances, benefits obtained by prosumers can be
reduced significantly, and their positive roles in the power system may be
undermined [8].

In response to limitations in existing policies for RES and changes in the level of
support, peer-to-peer (P2P) electricity trading is now attracting considerable research
attention as an effective management scheme for prosumers with RES in the
distribution network [8-10]. In P2P electricity trading, prosumers directly trade
electricity with each other or with consumers, and during the trading process, they
agree on an appropriate price, e.g., a price ranging between the time-of-use price and
FIT. Thus, prosumers and consumers can achieve a win—win outcome consumers
can save costs, while prosumers receive more profit.

Even though there can be various market architecture for the P2P electricity
trading, the main market plyers of the P2P electricity market are commonly
recognized as prosumers, consumers and Distribution system operator (DSO) as
shown in Figure 1 [10-12]. Prosumers are agents who produce electricity using their
own distributed generation resources; they pursue economic profit by selling excess
electricity to consumers in the distribution network. Prosumers also have the option
of selling electricity to a supplier in the distribution network at a predefined contract
price cheaper than the P2P trading price. Consumers purchase electricity via P2P
trading. Further, they can buy electricity from a supplier at the retail price when the
electricity procured from P2P trading is insufficient; this is more expensive than the

trading price. The DSO conducts operation and planning tasks for the di_stribution
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network, where prosumers and consumers are physically interconnected and interact
commercially. The DSO has the right to restrict P2P transactions causing network
malfunctions, and they are verified based on the trading information from the
platform for P2P electricity trading. A trading platform is a technical system that
implements P2P market functions such as matching, clearing, and settlement without
the intervention of any intermediary agent. Further, The DSO is responsible for
balancing supply and demand, which compensates for system losses and provisions
ancillary services by considering transactions in both the P2P electricity and

conventional electricity markets.

Distribution Network (Physical Layer)

P2P{Market Players

b Loy g

d q MS

[ Energy Trading } [ Network Service Pricing ]

P2P Market Platform (Virtual Layer)

Figure 1 Market architecture of P2P electricity trading in distribution networks

Although there can be various market mechanism of the P2P electricity market, it
can be categorized into centralized and decentralized market mechanisms. The
centralized mechanism collects bids from market participants and determines the
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electricity price and trading volume based on the objective of the market such as
maximizing social welfare or minimizing production costs as shown in Figure 2.
This is like the traditional wholesale electricity market and called system-centric P2P
electricity trading [13]. The market results are calculated to maximize the welfare of
the market participants. Consequently, the market efficiency than the decentralized
mechanism when trading parties directly determine the transaction parameters.
However, market efficiency deteriorates when a player abuses the market power to
manipulate the merit order of resources [14]. Further, Electricity trading differs from
other commaodities as it must account for the system losses and constraint violations
within the network. Under the centralized electricity market, centralized
coordination by the system operator is used to determine the optimal market outcome,

considering the system losses and constraints violations.

. P2P Market
Customer Prosumer
Platform

1. StartTrading() 1. StartTrading()
2. SetTradingStrategy() 2. SetTradingStrategy()
3. MakeBid(P, Q) 3. MakeAsk(P, Q)
] 4.SetResult(P, Q)
5. ReportResults(P*, Q%) 5. ReportResults(P*, Q%)
>
[ P2P Market Closed ]

Figure 2 Sequence diagram illustrating synchronous pricing for P2P electricity
trading. (P, Q: bidding price and volume, respectively; P*, Q*: determined price

and volume, respectively) :
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. P2P Market
Customer - Prosumer
Platform
] | |
— 1. StartTrading() 'i| 1. StartTrading() “—
Lt 4
Loop i .
Alt ! 2. SetTradingStrategy()
[Until lil.. 3. ProposeTransaction(P, Q)
Consensus ¢
or market 4. SetTradingStrategy(P, Q) E
closed] 5.ProposeTransaction(P’, Q) i
Nl
_____ o 1
2. SetTradingStrategy() i
; h
3. ProposeTransaction(P, Q) o |
M | - »
! 4. SetTradingStrategy(P, Q)
lih 5.ProposeTransaction(P’, Q')
LY
6. ReportResults(P*, Q%) rEL 6. ReportResults(P*, Q%)
o e T
[ P2P Market Closed ]

Figure 3 Sequence diagram illustrating P2P electricity trading process in the
decentralized market (P, Q: proposed price and volume, respectively; P*, Q:
adjusted price and volume according to trading strategy, respectively; and P*, Q*:

determined price and volume, respectively)

The approach is a decentralized mechanism that allows prosumers and consumers
to directly communicate with each other and conduct electricity trading without the
need for any centralized coordination. This approach has several advantages. Firstly,
it eliminates the economic and political influence from centralized markets,
providing a more autonomous and independent trading environment [15]. Secondly,
it allows market participants to engage in electricity trading based on factors such as
prices and their own heterogeneous preferences, including considerations such as
reputation and green energy sources [16]. This provides greater flexibility and
customization in electricity trading decisions. Lastly, this decentralized mechanism
is expected to exhibit exceptional scalability, as it can accommodate diverse

objectives of prosumers, who may have different goals and priorities in their energy
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trading activities [17]. Figure 3 illustrates the trading process and the dynamic
interaction between prosumers and consumers in this decentralized P2P electricity
market.

However, market outcomes may have unforeseen effects on the network. This is
because market participants trade solely for their own benefit, without considering
the efficient and safe operation of the grid. Their trading practices not only reduce
the efficiency of grid operations but also result in trading outcomes that violate the
network constraints [18]. The increased cost of grid losses not only reduces social
utility but also affects the utility of market participants who have to compensate for
these losses, potentially decreasing their incentive to participate in the inter-personal
power trading market. Furthermore, violations of the network constraints of the grid
due to trading can lead to grid failures and accidents, compromising the stability and
reliability of the power grid. This can result in power supply interruptions,
degradation of power quality, disruption of customer service, and economic losses.

Despite the issues encountered in decentralized P2P trading markets, finding a
solution is not straightforward. Cooperation in network operation among market
participants is a challenging. they engage in transactions for their own purposes,
lacking awareness of the impact on the network. Moreover, they are not the unit
dispatched for efficient and reliable network operation. This poses a challenge for
the DSO to promote cooperation for network operation, potentially resulting in
transaction outcomes conflicting with their interests [19]. Given this context, this
dissertation proposes an approach of the DSO that can encourage cooperation among
market participants, aiming for cost-effectively network operation scheme to reduce

system losses and ensure the reliability of distribution network.



1.2 Previous researches and limitation

Table 1 presents a summary of previous studies on allocation of system losses, the
ex-post method has been employed to manage system losses resulting from P2P
electricity markets. This means that system losses and the costs to be paid by market
participants are calculated based on the state of the network after the bidding is
finished. However, it is challenging to determine the network loss price to
compensate for system losses, because they exhibit nonlinearity with respect to line
flows, and the nonlinear nature of electrical laws prevents the precise determination
of the portion of line power flow that can be attributed to a specific trading volume.
Therefore, researchers have considered how to distribute system loss costs fairly and
effectively in many traditional markets.

Incremental transmission loss coefficient is used in [11, 20-22]. it is the change in
total losses due to an incremental change in power injected in a bus. Therefore, to
distribute the loss cost, a linear approximation of the injected power of each bus is
used, which reduces the total loss. However, due to the nonlinear nature of the loss,
post-processing such as normalization is required. This is because the actual loss and
the value obtained by the coefficient do not match, and a negative price may occur,
causing cross-subsidization problems.

The power-tracing method can calculate the contribution of the transacted power
to the line loss based on a proportional assumption based on Kirchhoff’s current law
[23, 24]. The amount of outflow contributed by a source is defined based on the ratio
of inflow from the source to the total inflow to a node; this method can be used in
both synchronous and asynchronous pricing because the contribution of each line of
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a trading volume can be determined regardless of the trading party. However, this
method may be difficult to use because it is necessary to calculate the inversion of
the sparse matrix.

However, all of these methods are executed ex-post facto, meaning that all
transactions are determined after the fact and based on precise system state
information, allowing for an accurate and fair allocation of the system loss charge.
Because these methods do not offer market participants precise system loss chare in
advance, they may not only lead to non-cooperation among market participants but
also transfer the settlement risk of system loss to market participants, potentially
reducing the incentive to participate in the P2P market. Therefore, ex-ante allocation
on system losses charge is necessary to encourage market participants to cooperate
for reducing system losses.

On the other hand, there are studies to inform market participants of the exact
charge for system losses to be paid before a trade occurs. This not only ensures the
utility of market participants to pay for system losses, but also acts as a price signal
to induce market participants to cooperate for loss management. In [25-30], Postage-
stamp is used to equally distribute system loss. The cost is allocated to market
participants in proportion to the trading volume, regardless of the network. It is a
simple and easy-to-understand method that can provide transparency, however, the
limitation of this scheme arises from the fact that the trading volume is not linearly
related to the power flow in a network; thus, a small loss cost is charged to a
prosumer with a small trading volume, even if the trade incurs considerable network
operating costs. Thus, cost causality-based system loss charge, which compensate
the cost in proportion to the level of the incurred system losses, should be

implemented to induce market percipients to cooperate for reducing system losses.
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Table 1 Comparison of Previous research on system loss management methods.

Coordination for system operation Conflict of interest
Methodology Allocation time Ref
Advanced Prosumer
Cost-causality DSO
information Consumer
Incremental Transmission
X o] [11, 20-22]
Loss
Ex-post X @)
Proportional Sharing X @) [23, 24]
Postage-Stamp o] X o] X [25-30]
Ex-ante
This
Causality-based methods O O X X

dissertation




Numerous previous studies have also proposed ways to manage the network
violations to ensure reliable network operation as shown in Table 2. This approach
can be classified into two categories: constraint-based management and cost-based
management. Constraint-based management is a method that restricts transactions
that would cause network violations. On the other hand, cost-based management
involves setting violation charges and allocating them to market participants, thereby
incentivizing them to engage in transactions that do not cause violations.

The DSO ensures the reliability of the network by specifying the same trading
limit for all market participants when they perform transactions in countries such as
Australia, where P2P electricity trading is practiced. This method has the advantage
of being very easy to apply in practice, however, it does not allow for P2P electricity
trading that can create more utility, resulting in transaction results that reduce the
efficiency of the market as it does not reflect the network status according to the
transaction [31-33].

The method presented in [34] proposes P2P electricity trading based on a market
transaction with a continuous double auction. In this market, when a transaction is
established between a prosumer and a consumer, the DSO checks network violations
using power transfer distribution factor (PTDF) and voltage sensitivity. If the DSO
finds that the established transaction causes a network violation, the DSO cancels
the transaction. This method has the advantage of stabilizing network operation by
blocking transactions that cause network violations. However, there is a possibility
that the transaction that causes the violation may not be detected because sensitivity
caused by DC-power flow is used in the distribution system, where the line resistance
of the network cannot be ignored. Additionally, since it imposes unilateral

restrictions on transactions that cause violations after the transaction has been
27 03 1]
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established, it is not possible to deliver guidance to market participants to derive
transaction results that are consistent with efficient and stable operation results.

The utility in [13] uses a two-level P2P electricity trading method. In the lower
layer, market participants perform transactions through a decentralized mechanism,
and the transaction results are delivered to the utility. The utility then considers the
transaction results and performs optimal power flow to establish an optimal grid
operation method. If a network violation is found according to the result of optimal
power flow, the utility imposes the same penalty on all market participants. By
repeating the process of performing adjusted transactions after confirming the
penalty, market participants can derive the results of P2P electricity trading
corresponding to reliable grid operation results. Although this approach has the
advantage of accurately detecting network violations by solving AC power flow,
scalability problems may occur due to the computational burden required to solve
AC power flow, which increases as the number of market participants and the size
of the network increases. In addition, imposing penalties on all market participants
equally when a violation occurs can lead to a reduction in overall market utility by
spreading the responsibility for network violations.

As a response to this problem, violation charge based on the amount of network
violation caused can be considered. Methods have been proposed to estimate and
distribute the line congestion caused by market participants using network sensitivity,
as proposed in [35, 36]. However, many of these studies use DC-sensitivity, which
is not suitable for distribution systems with high line resistance, unlike transmission
systems. This can result in inaccurate estimation of network violations or inefficient

penalties for network violations.

11



Finally, system losses and network violation management methods can be
categorized into ex ante and ex post approaches. The ex post method reflects the
results of P2P electricity trading to the network, enabling accurate cost distribution
and reliable network operation. However, since it evaluates the trading results after
the fact, it has limitations in inducing trading results that lead to optimal operation
outcomes. On the other hand, ex ante methods are suitable for inducing transaction
results that align with the objectives of DSOs. However, in order to effectively
induce transaction results, a method that can accurately analyze the impact of

transaction results on the network is required.
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Table 2 Comparison of previous research on network constraints managements methods.

Limitations
. . Calculation
Constraints management schemes Cost-causality methods Ref.
Economic Functionalit
efficiency y
Upper limitation X [31-33]
Constraint-based
management
Ex-post Decrease Voltage violation,
curtailment X PTDF in social welfare  Calculation accuracy [34]
. Optimal power -
Fixed cost X Flow equation Market scalability [13]
Cost-based Voltage violation,
management o PTDF Calculation accuracy [35, 36]
Cost allocation
O Sensitivity factors This dissertation
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1.3 Objectives of the dissertation

Electricity trading on networks must be operated considering the system losses and
network violations. In addition, in order to increase the incentive for market
participants to participate in the power market, market efficiency must be guaranteed,
and for this purpose, it is necessary to manage system losses caused by transactions.
However, it is necessary to induce the cooperation of market participants to derive
efficient and reliable market results in a P2P electricity market with a decentralized
market mechanism. Many previous studies have proposed methods for this, but it is
still a challenging problem. Against this background, the objective of this
dissertation is to suggest an operational scheme for DSOs that can ensure the
efficiency and reliability of distribution networks with a P2P electricity market
operated by a decentralized mechanism.

First, this dissertation estimates the total system losses caused by transactions and
establishes an operational scheme to distribute costs according to the losses caused
by individual transactions, confirming that the method of allocating system loss costs
according to the cost-causality principle is more suitable for optimal market
efficiency than other methods. It is proposed that a cost allocation method based on
the cost-causality principle that can be applied to the P2P electricity trading.
However, even if the cost allocation method based on the cost-causality principle is
used, the DSO inevitably bear the settlement risk of system losses. Therefore, this
study proposes an iterative decentralized market mechanism and verifies the
effectiveness of the loss cost distribution method based on the cost-causality
principle by utilizing the proposed market mechanism.

14



Finally, network operation scheme for the DSO that can induce the cooperation of
market participants to prevent transactions causing network constraints is proposed.
The operational scheme proposed in this research utilizes sensitivity factor to secure
operational scalability in an environment where multiple market participants can
access the network. The sensitivity factor is derived using partial derivative and
chain rules through power flow equation to reflect the characteristics of the
distribution network where the resistance value of the line is very high and the
difference between magnitude of node voltage is not ignorable. It is shown that the
proposed operational scheme, is more reliable than the one using PTDF in previous
studies. In addition, it is shown that the violation charge can be distributed according
to the cost-causality principle when using the sensitivity factor, and that the
operational scheme leads to much better market efficiency than a management
scheme for allocating fixed violation charge to all market participants.

In conclusion, this dissertation proposes a network operation schemes for the DSO
to induce cooperation among participants in P2P electricity market using network
charges. The DSO implements a cost-causality allocation of charges for system
losses and violations resulting from P2P electricity trading, thereby maximizing
social welfare in operational outcomes. Moreover, the sensitivity factor utilized in
this study offers computational efficiency and accuracy in detecting violations,

ensuring reliable distribution system operation.
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1.4 Overview of the dissertation

The remainder of this dissertation is organized as follows. Chapter 2 of the
dissertation focuses on comparing the efficiency of market outcomes when applying
different methods of distributing system losses in a P2P electricity market. The
market model assumes that the utility of market participants converges with the
amount of electricity traded, and the contribution to system losses is differentiated
based on the trading volume of market participants located at each node of the
network. In this chapter, two market outcomes are compared: one operated by a
centralized mechanism that leads to an optimal market outcome, and the other where
all market participants participate competitively and reach a Nash equilibrium. By
comparing the conditions that satisfy the optimal market outcome in the first market
with the operating results that satisfy the market outcome at Nash equilibrium in the
second market, it is confirmed that the market with loss cost allocation according to
the cost-causality principle is more suitable for achieving the optimal market
outcome. The chapter also presents the loss allocation method based on the cost-
causality principle using incremental loss allocation and Shapley value.

Chapter 3 introduces the loss management scheme of DSO in a P2P electricity
market with a decentralized market mechanism, which applies the loss allocation
method based on the cost-causality principle presented in chapter 2. DSO estimates
the system losses that occur in the network based on the exchanged transaction
information among market participants and charges each market participant for the
losses based on the cost-causality principle. This process is repeated until the results
of the transactions converge. The chapter presents the market clearing algorithm

7]

-
|
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using the Lagrangian decomposition technique to represent the P2P electricity
trading based on the decentralized mechanism with the operational scheme for
system loss management.

Chapter 4 focuses on the scheme to manage network violations by DSOs in a P2P
electricity market with a decentralized market mechanism. The chapter proposes a
sensitivity factor based on power flow equation to reflect the characteristics of
distribution networks. DSO checks whether a network violation occurs due to the
transaction results based on the repeatedly exchanged transaction information of
market participants. If a violation occurs, the market participant is charged a penalty,
which is distributed utilizing network sensitivity according to the size of the violation
caused by each market participant. The chapter presents a market clearing algorithm
that incorporates this scheme in the market clearing algorithm used in Chapter 3.

In Chapter 5, case studies are conducted to experimentally verify the network
management schemes of DSOs introduced in chapters 3. A test bed with 16
consumers and 7 prosumers in the IEEE 33-bus test distribution network is designed
to reflect the network environment where P2P electricity trading occurs. The first
case study compares the market utility and system loss items under the equal
allocation method, marginal allocation method, and loss allocation method using the
Shapley value to check the effectiveness of the loss management scheme reflecting
the cost-causality principle. In Chapter 6, case studies verify the function of the
network violation management scheme utilizing sensitivity factor. The results of the
case studies show that the network management scheme proposed in this dissertation
has provides high market efficiency when maintaining voltage security and reducing

line congestions rather than a scheme using fixed violation costs. These findings

17



suggest that the proposed schemes are cost-effective for network operation with P2P
electricity trading by managing system losses, network violations.
Finally, in chapter 7, the dissertation concludes and presents future works that can

be explored based on the findings and results obtained in the dissertation.

3§ 53 17
138 A =1TH



Chapter 2 Causality-based System Loss Charge

2.1 Efficiency of causality-based system loss charge

In this chapter, the method for comparing market efficiency used in [37] is applied
to show that the system loss cost distribution based on the cost-causality principle is
more suitable for deriving the optimal market efficiency than the equal loss
allocation. For this purpose, the following assumptions are made. First, the price
traded in the market is set to a fixed same value when perfectly competitive market
is in equilibrium state [38]. Second, the utility function of market participant can be

formulated as a concave function over the trading volume within the interval [p;,p,].

Finally, it is possible to distinguish the amount of contribution to the system loss
according to the transaction volume of market participants and distribute the cost
accordingly, i.e., the sum of individual losses generated by market participants is
equal to the total system loss. Under the first and second assumptions, it is noting
that the presence of a P2P electricity market as a non-cooperative game can be
verified when the following criteria are met: 1) there is a finite number of players in
the game; 2) the trading volume sets are closed, bounded, and convex; and 3) the
utility function of market participants is both continuous and concave within the
strategy space [38].

Equations (2.1) and (2.2) represent the utility functions of prosumers and

consumers.
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WPi = A" x pi — Cl(pl) —Cc X li (21)

WC] = Z U(p],l) - z A X pj,i —Cc X l] (22)

iENp iENp

Where A* is the fixed price in the equilibrium market, and ¢ is the unit
compensation price for the system loss caused by the transaction. C;(p;) has a
convex form as a quadratic function with respectto p;, U(p;;) has a concave form
with respectto p;;, and [; is the allocated system losses to the participants i, so the

welfare function of the prosumer and consumer can be expressed as follow.
W; = wi(p) —c X (2.3)

Where, w;(p;) is the utility of prosumers and consumers for trading volume p;,
and ¢ x [; isthe cost for system loss that market participants have to pay. According
to equation. (2.3), the outcome of the market where the social net benefit is

maximized can be expressed as follow.
Wiotar(P) = max Z wi(pi) — ¢ X Py, (P) (2.4)
L

Where, P, is the system loss caused by the market result. If there exists a P* =
(pi, 03, i, - py) that leads to the optimal market outcome, then the social
welfare W (P*) satisfies the stationary condition as shown in equation (2.5) for all

participants i.
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oW (P) _ ow;(pi) o x dP,(P") _
op; op; op;

(2.5)

In a P2P electricity market with equal loss allocation, the system losses to be
compensated by market participant i can be formalized as equation (2.6), and the
utility of market participant i with equal loss allocation can be defined as equation

@,7).

4

l; =P.(P) xzn o

(2.6)

Pi

Wi = wi(py) — CXPL(P)XZn o

@.7)

In a market with a decentralized mechanism, market participants perform trades
solely in their own self-interest, so the market is determined at the Nash equilibrium
point where all market participants' utility is not reduced by not changing their
strategies [38]. If there exists a Nash equilibrium state P*f =
(piE, p3E, .0}, ... pE) in a market with a decentralized mechanism, then the
utility function of each market participant in the Nash equilibrium state satisfies the

first-order condition as shown in equation (2.8).

aw;(pi*)
p;
(2.8)
P P*E *E __ o *E
—CX( L( )X pl +PL(P*E)XZTLPYL *EPZL )=0
api npn (ann )



In Nash equilibrium state, in order to satisfy the optimal market effect, equations
(2.5) and (2.8) must be satisfied simultaneously, which can be represented by

equation (2.9).

P, (P*E E_ piE i
L (P™) % Yin P *Epl = P,(P*E) x ann—*Epzl =0 (2.9)
op; nPn Qnpn

aP,(P*E) P, (PE)

o Tapif

(2.10)

According to equation (2.10), the optimal market outcome in Nash equilibrium state
can be derived when the amount of change in system loss according to the trading
volume of market participant i and the average of system loss over the total trading
volume are equal. However, this case refers to transactions between market
participants located at different nodes in a network with only two different nodes,
i.e., there are only prosumers producing electricity at one node and consumers at the
other node.

In a P2P electricity market where a cost causation principle is applied to distribute
system loss costs according to the size of the system loss caused by the market
participant's transaction, the losses to be paid by the market participant can be

represented as equation (2.11), depending on the assumptions.

P, = Z In(Pn) (2.11)
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Where [;(p;) is the system loss caused to the network by market participant i's
trading volume p;. The utility function of market participant i including this can be

formalized as equation (2.12).
W; = wi(p) — ¢ X Li(py) (2.12)

If there exists a Nash equilibrium state P*¢ = (p;€, 3, ... p;¢, ... pit) in a market
with cost causality-based loss allocation, then the first-order condition is satisfied for

all market participants' utility functions as shown in equation (2.13).

owi(pi©) Cex ol:(p;©)
op; op;

=0 (2.13)
Under the second assumption, the system loss is partially differentiated by p; with
respect to the sum of each market participant's contribution to the volume, which is

given by equation (2.14).

0PLP™0) _ 0l pi) _ 0L(pic) (2.14)
api p apn apl |
owPe) _ow(pi€) _ 0PP) owilpi®) . 9L(pi) (2.15)

op; ap; opi  Op; op;

Substituting equation (2.14) into equation (2.5) is equivalent to equation (2.15), and
substituting p;¢ for p; is equivalent to equation (2.13), so it satisfies the optimal

market result in P2P electricity market.
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2.2 Causality-based system loss charging methods

Incremental transmission loss and the Shapley value are employed for allocating
causality-based system loss charge. The nonlinear nature of system losses poses a
challenge in accurately attributing the impact of market participants' trading volumes.
To overcome this limitation, incremental transmission loss distributes system losses
by utilizing the sensitivity of system losses at specific states. Additionally, the
Shapley value allocates losses by utilizing the average marginal loss for each trading
volume in the grid. In other words, it approximates the influence on losses based on

sensitivity and expected values.

2.2.1 Marginal loss allocation

The marginal loss allocation method distributes generated losses using the
incremental transmission loss (ITL) coefficient, which represents the change in
overall system loss for each node's injected power [39]. According to [40], ITL can
be obtained through converged power flow analysis. First, the total system loss P,
is calculated as the difference between total generation and total consumption. As
shown in equation (2.17), the bus power is then determined by summing the power

injection at each node.

N N
p, = Z(PGi _PD)) = Z P, 2.17)
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Where, PG;, PD;, and P; are power generation, power consumption, and injected
power at node i, respectively. If the first i is a slack bus, then according to the

power flow equation, P; can be defined as equation (2.18).

N
Pr= ) [yual X Vil X Vi  cos(i = & + 10 (218)
k=1
Where, |yl-,k ,Yix are magnitude and angle of admittance from admittance matrix.

|V;|, &; are magnitude and angle voltage at node i. By setting |V;| and &; of the
slack bus to 1 and 0, respectively, P; is derived as equation (2.19) and (2.20) with

the state variables.

P,=Pi(8), fori=1,..,N (2.19)

A2 [8,,85, ..., 64]7 (2.20)
In the same way, P, can be defined as equation (2.21) with state variables.

From equation (2.17), equation (2.22) can be obtained through differentiation

N N
dp, = ) dPi=dP, + ) dP, (2.22)
i i=2
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All of the derivatives dP; are calculated from equation (2.18), which are given by

equation (2.23)

apP; aP;
dP]_ =_Xd82 +"'+—Xd5N

265, a5,

opP, ap,
dPZZ—Xd52+'+—Xd5N

05, 06 (2.23)
dP—a&xd5+ +a&xd6
"7 96, 2 a5, N

To simplify the above expression, the following vectors of (n — 1) dimension is

defined as equation (2.24), (2.25), and (2.26).

dP £ [dP,,dPs, ...,dPy]T (2.24)
T

Qﬂéﬁﬂﬁﬂwﬁﬂ] (2.25)
0A 08, 063 08y

dA 2 [ds,,dSs, ..., dSy]T (2.26)

Equation (2.27) is defined as (n — 1) X (n — 1) jacobian matrix.

P, P,

oP 6.62 . a(?N (2.27)

M_Fm 0Py '

26, 08y
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Utilizing the matrices and vectors we have defined, equation (2.23) can be rewritten

into the following compact form.

P\’ aP
— (21 . - . 2.28
dp, (aa) da,  dP == dl (2.28)
To find dP; inequation (2.28), the inverse of g—g is derived as follow.
dP. —(apl)T (ap)_l dP £ A-dP
17 \aa By -
(2.29)
AAaplT ap‘l_AA 4
2(52) "(52) = sn

the following expression can be derived by substituting equation (2.30) into equation

(2.22).

N
dP, =A-dP+ZdPl-
i=2 (2.30)

= (1 +A2)dP2 + (1 +A3)dp3 + -+ (1 + AN)dPN

Equation (2.31) gives the incremental change in system loss (ITL) for the

incremental change in injected power on each bus.

dp, P, _
d_Pza_PZ(ITL)l:1+Al:¢m’l' fOTlZZ,...,N
;0P (2.31)

(ITL), = 0
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However, if ITL derived in this way is used for loss allocation, it may not result in
an accurate distribution. Nonlinearities in the system can cause a difference between
the calculated total loss and the actual loss. Therefore, a normalization process is

required to consider the actual loss amount as shown in equation (2.32) [39] , and

the unit loss charge can be defined as ¢ x %.

n

Nl’ Nc¢
P P
P, =P x P—,L = (2 ITLg; X Pgi — 2 ITLg; % Pp;) X P—,L (2.32)
L=\ i=1 L

Where P’; represents the actual system loss. If the value of ITL in the generation
node is positive, the loss price is charged as the system loss increases. Conversely,
if the ITL value is negative, the system loss will decrease as the generation increases,
resulting in a negative loss price. In the case of consumption, if ITL is positive, the
system loss decreases as consumption increases, resulting in a negative loss price.
However, if ITL is negative, the loss will increase as consumption increases. Table

3 summarizes the meaning of ITL at the generation and consumption node.

Table 3 Summary of meaning of ITL according to node type

Node ITL Description
Positive Loss is charged for increasing the system loss
Foi Negative Loss is compensated by decreasing the system loss
Positive Loss is compensated by decreasing the system loss
o Negative Loss is charged for increasing the system loss
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2.2.2 Shapley value for loss allocation

Shapely value is the quantification of the contribution of an individual participant in
a game. In cooperative games, every player in a group has a certain role in
maximizing the total payoff of the group. Lloyd Shapley proposed the concept of
values in 1953 to define the importance and contributions of individual players
within a group. Some players may have a value of zero when playing alone, but may
have greater value when forming coalitions. Therefore, players in the game will form
coalitions if the value of the coalition is greater than the sum of the values of the
individual players. The Shapley value provides a unique solution for each player and
satisfies four axioms of fairness: efficiency, symmetry, dummy property, and
additivity. Assuming that the number of players in the cooperative game is n and that
the grand coalition is formed by N = {1, 2, ..., n}, the total number of coalitions is

2™ — 1, excluding the null or empty coalition as shown as equation (2.34).

(S =D x (n—|S!
n!

biv) = ).
Tes

X [v(S) = v(§S — {i}] (2.34)

Where |S| is the number of players in coalitions S, v(S) is the characteristic
function value meaning the gain of a coalition S, which is a subset of N (S < N) and,
v(S —{i}) is the gain of a coalition S excluding player i.

However, in order to obtain the Shapley value of the system loss for the amount of
power applied to a specific node, it is necessary to find all the coordination

combinations for the node and solve the power flow equation for it. Therefare, in
14 L) =]
29 =
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this study, a loss allocation method using Shapley value is used to reflect the

characteristics of radial distribution network [41].

3 4
1 2 L4 |
f I2,3
1,2 I I I
Is _l : *

o B

Figure 4 A sample 5 bus radial distribution network.

The network in Figure 4 shows the example for computation of loss allocation using

Shapley value. Assuming the complex branch current (I;,,153,134,1,5) and
complex load current (I, I3, 14, I5), define the relation between branch current and

node current as equation (2.35).

11,2=12+I3+14+15

12,3 = 13 + 14_

(2.35)
13,4 =13
12,5 =1,

Setting the branch resistance as (R, ;, Rz 3, R34, Rz 5), the active power losses of

branch 1 to 2 can be formulated as equation (2.36)
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PL(Il,Z)
= |I2|> X Ry
= |12+I3+I4+15|2XR1,2 (236)

= Re(I#;) X Ry, + Im(If;) X Ry ;

= Pg (11,2) + PLI(ILZ)

The active power losses are separated into the real and imaginary components
(Pur(11,2), Pui(I12)) of the branch current I ,. Because there are no cross terms
between real and imaginary components of the current and Shapley value has the
additivity property, Find the Shapley value for each component and combine them

to get the original the Shapley value as equation (2.37).

¢(PLR(11,2) + PLI(II,Z)) = ¢(PLR(11,2)) + ¢(PL1(11,2)) (2.37)

As I, = I3+ I, 5 + I, real components of losses in branch 12 can be represented

as equation (2.38) with Re(l; ,g) = Re(l,3) + Re(l,5) + Re(l)

Pir(l1z) = (Re(ly3) + Re(lys) + Re(I)” X Ry (2.38)

If Re(l,3),Re(l,s) and, Re(I,) are considered as players contributing to the
coalition of PLR(ILZ), the Shapley value of system loss for each player can be

calculated using equation (2.39). :
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breq,) = Re(ly) X (Re(Iy3) + Re(ly5) + Re(l3)) X Ry
= Re(lz) X Re(lllz) X erz
Dre(1,5) = Re(l23) X (Re(ly3) + Re(l5) + Re(l3)) X Ry,
(2.39)
= Re(ly3) X Re(I12) X Ry,
¢1,, = Re(l5) X (Re(ly3) + Re(l5) + Re(l3)) X Ry

= Re(l;5) X Re(I12) X Ry,

The same procedure can be repeated for branch 23. In this case, the losses in the grid
caused by the current flowing in branch 23 are caused by the coordination of Re(I3)

and Re(I34), which can be expressed as equation (2.40).

®Pre;) = Re(l3) X Re(ly3) X Ry 3 + Re(I3) X Re(l;2) X Ry,
(2.40)

®re(ty,) = Re(Iz4) X Re(l23) X Ry3 + Re(l34) X Re(ly2) X Ry,

If the Shapley value of the system loss of the power injected into the node at the
lower level is obtained through this method, the contribution to the system loss at

each node can be calculated as equation (2.41), and the unit loss charge is defined as

X ¢s,n.
Py

c
P, = (¢s,2 + g3+ + ¢s,N)

(2.41)
bs2 bs3 s N PN)

XP2+ XP3+"'+

X P, = X(
€= p, P, Py
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Chapter 3 Network Operation Scheme with System
Loss Charge

System loss management scheme of the DSO for P2P electricity trading is depicted
in figure 5. Prosumers and consumers engage in transactions by exchanging trading
information to maximize their welfare. The DSO estimates the system losses using
the trading information and sets the system loss allocation prices based on the cost-
causality principle to distribute the system loss cost among the participants. The DSO
notifies the system loss allocation prices to the prosumers and consumers, who then
adjust a trading strategy considering the loss cost they may have to pay and continue
trading until they reach an agreement. Thus, the DSO offers price signals to market
participants for continuous and repeated system losses to guide trading results
towards minimizing system losses. In other words, the DSO continuously and
repeatedly provide price signals for system losses while market participants are

executing trades to guide trade outcomes in a way that minimizes system losses.
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Figure 5 Illustrating P2P electricity trading process with causality-based system

loss charge
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3.1 Modeling of market participants

P2P electricity trading is set up as a real-time market for trading electricity for
delivery at a specific point in time. It is assumed that multiple market participants
simultaneously exchange information for trading for their own benefit, and there are
no synchronized time constraints. Prosumers connected to the network can sell
additional surplus electricity through Feed in Tariff (FiT), but this is not considered
in this study. Consumers can also purchase surplus electricity from utilities as well
as P2P electricity markets, but this study only considers the results of P2P electricity
trading. This article focuses on a deterministic clearing mechanism for a single
market price time slot, which can be easily extended to multiple time slots. The time
slot is assumed to be one hour. In the market, market participants set N is composed
of a set of Np={123,..,n,} for prosumers and N¢ = {1,2,3,..,n.} for
Consumers. All prosumers belong to Np and all consumers belong to N.. Thus,

NPUNC=N and anNC=¢
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3.1.1 Prosumer model

The cost function of prosumer C;(p;) is formed as a quadratic convex function

power p; represented in [42] as equation (3.1).

Ci(p) = a; xp} + by Xpi+¢ (3.1)

Where, parameters of cost function a;, b;,c; are essential for determining the
quantity of electricity that a seller is willing to sell at different prices and times.
These constants are unique to each seller and depend on factors such as their
generation type, load, and future risk, making them critical for efficient and effective
electricity trading. Hence, accurate estimation and prediction of these parameters are
crucial for optimizing P2P electricity trading systems. The welfare of prosumer i is

modeled by equation (3.2)

WP; = 4; X p; — Ci(p;) — lc;(py) (3.2)

Where, A; isthe traded price, the firstterm A; X p; inequation (3.2) represents the
income of prosumer i through the electricity trading, the second term indicates the
generation cost, and Ic;(p;) is loss cost for compensating system loss due to
generation p;. In addition, generation of prosumer i reflects the following physical

constraints as equation (3.3).
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pi<pi<p, Vi€ENp (3.3)

Where, p; and p; are the minimum and maximum generation of prosumer i,

respectively.
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3.1.2 Consumer model

The utility function defines the satisfaction level of the consumer over a set of goods
and services. The utility function of a consumer participating in a P2P electricity
market is a measure of the consumer's satisfaction with the amount of electricity
purchased through a transaction. In general, the utility function of consumer j, which
is denoted by Uj(p;) has the following characteristics [43, 44].

du;(pj)

* Ta > 0, i.e., the utility function is a nondecreasing
J

d?Uj(p))

ap? > 0, i.e., the utility function will be saturated.
J

e (pj) = 0, i.e., there is no satisfaction, without consumption

The consumer's utility function for a consumer j satisfying these properties is

modeled as equation (3.4).

o B;
{ﬁjxpj—gjxpf. OSij;j_

Ui(py) = 2 _ (3.4)
B p b
2><a]-’ J _a]-

Where, «; and p; are parameters of utility function, which are the private

information of consumer j. Consumer can buy electricity from any prosumer in the

P2P electricity market and the welfare of consumer j is defined as the utility of the

38



electricity consumption minus payment of purchase and loss cost as formulated in

equation (3.5) and (3.6)

We; = Z Up;) — Z Ai X pji — lej(pj) (3.5)
iENp iENp
iENp

pj <p; <Dj Vj € N¢ (3.7)
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3.1.3 Allocating system loss charge

In order to allocate loss charges, the DSO needs to calculate system losses using the
trading volume information of market participants. In this dissertation, linearized
distribution flow is employed to ensure efficiency and convexity in the calculation

of system losses, thereby guaranteeing converged market outcomes [45].

_ pi_pj; l=],VnEN

p”_{pn=pi or pp=-pj, L#j,Yn€N (38)
_qi_qji l=],VnEN

n _{Qn =q; Or gp=—qj, L #j,VnEN (39)

Equation (3.8) and (3.9) represent the conversion of trading volume information of

market participants into network node injected power.

Pn = ZA(n, D xp —ZB(n. D) xply (3.10)

Gn =) AU xq - ) B(D % ql (3.11)

Equations (3.10) and (3.11) represent the line flow for the injected power at each
node. In these equations, A(n, ) and B(n, [) denote the incidence matrix of the
distribution network. Specifically, A(n, [) = 1 and B(n, [) = 0 if node n is the
sending node of line |, while A(n, 1) =1 and B(n, [) =-1 if node n is the receiving

node of line L.
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2+ 2 2_|_ 2
pll = plv a XRl, qll = i q XX[ (312)

2
sl sl

Equation (3.12) represents the active power loss pl; and reactive power loss q[;

occurring in each line L.

vsz’l—vf,l=2><Rl><pl+2><Xlqu—RlXpll—Xqull (313)

Equation (3.13) represents the voltage difference between the sending and receiving

nodes of line [.
61 = Xl X pl — Rl X ql (314)

Equation (3.14) represents the phase difference between the sending and receiving

nodes of line [.
lpi =i X A X z ply (3.15)
l

Using the above equation, the system losses are estimated, and then equation (3.15)
is used to set the unit cost for the system loss charge. In this case, ¢; represents the
allocation factors set for market participant i to distribute the system loss charge,
which can be based on incremental transmission loss allocation or Shapley value-

based loss allocation.
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3.2 Negotiation process with system loss charge

During each electricity trading in the market, each market participant acts in a non-
cooperative manner for their own purposes, and the objective function of the market
is the sum of individual utilities maximized, which can be represented as equation

(3.16).

Np N¢
max( > WP(p) + ) W) (3.16)
L] 7 ]

Where WP; and WC; are welfare of prosumer i and consumer j, respectively.
p; and p; are generation of prosumer i and consumption of consumer j. Trading

volume between prosumer and consumer should be balanced in the P2P market

which is represented by equation (3.17)
pi = Z pji, Vi ENp (3.17)

the objective function in equation (3.16) is a convex problem and should be
maximized subject to equations (3.3), (3.6), (3.7) and (3.17) as shown equation

(3.18).
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Np Nc¢
max E WPi(p;) + E WC;(p;)
i Dj - -

i j

subject to

WP, =2A; Xp; — Ci(p) — lp; X p;

iENp
pi = 2 pj,i' Vi ENP
JENc

p;<pj<p;, Vj EN¢

piSpisp_i; ViENP

In a conventional power market, this problem is solved by a centralized mechanism,
where the market operator derives the optimal market result by synthesizing
information related to the transactions of all market participants and the network.
However, since this study considers a P2P electricity market in which the market is
operated solely by transactions between market participants in the absence of
centralized control, we solve equation (3.18) using a decentralized optimization
algorithm that can derive market results by exchanging transaction information
between market participants.

According to [46], the optimal problem can be transformed into a Lagrange dual
problem, which can then be solved by the Dual Ascent method. Under the
assumption of strong duality, we define the Lagrange function and the dual function
for the primal problem, and use the gradient method to find the solution of the dual

function problem. The solution of the dual function is then used to solve the original
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problem by finding the dual solution using the dual ascent method. The greatest
advantage of the dual ascent method is that it can lead to a decentralized algorithm
in certain scenarios. For instance, assuming that the objective function f is separable,
i.e., related to dividing variables or dividing into sub-vectors, the dual ascent method
can provide a viable decentralized approach. To apply the decentralized mechanism,
equation (3.18) would be transformed into the Lagrange dual problem as equation

(3.19).

D (li' Hir Kir Vi, Vj» & é)

= min L(pi' pji' /11" .u_i' i, V_j' Vj)
Pi, Pji - —

N¢ Np Np

= ZZ(U(pj'i) —Ipj X pj;) — E(Ci(pi) +Ip; X pi)
joi ¢

N
- (3.19)
+Zli x| pi— Z Pji
i

JeN¢

Np Np
+ZE-><(E—pi)+z&><(pi—&)
L l
N¢ N¢
+Zv_jx p_j_zpj,i +Zﬁ>< ij,i—&
]

iENp j iENp

Where A;, 1, 1, v, and v; are the largrangian multipliers for constraints (3.17),

(3.3), and (3.7). The largrangian dual problem can be partitioned into separate
problems for the variables p; and p; ;, which can be expressed in the form as shown

equation (3.12) to (3.26)
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D; (2", uf)

(3.20)
—k
= argmax [Ai‘ x pi — Ci(p) — lpl x pi + (&" — W ) X pi]
pi
(Ak Vi Vi )
. (3.21)
—argmax[U(le) /1 XDpji— lp] Xpji+ ( .k_v_j )ij,i]
Pji _
+
Aik+1 _ [)Lik k% V)LiDr _ )lik kX plk _ Z P]Ifi (3.22)
JENC
—k+1 —k + k k *
ot = — ke x VH—iD] = [& — k x (p! —&)] (3.23)
k+1 k * k k ¥
= [~k x 70| = [w — kx ok — )] (3:24)
+
v—"“ = [_" k x Vi D] —k x (p; - Z P (3.25)
iENp
+
ﬁkﬂz[ﬁk_kxvﬁl)] :ﬂk_kx(zpf,i_&) (3.26)

iENp

Where, the generation (p;) that maximizes prosumer i's gain for trading price (4;) is
determined by D; (/'li,ﬂ_i.&)- Likewise, Dj; (Ai,v_j,ﬁ) determines the purchase
quantity (p;,;) that maximizes consumer j's utility from prosumer i for transaction
price (4;). To obtain the optimal value, the gradient descent method is used, which
derives the direction of the optimal values of D; (Ai,;Ti, &) and Dj; (Ai,v_j, ﬁ)

through the directional derivative of the Lagrangian dual problem for the Lagrangian
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multipliers. The converged optimal value is obtained by repeating the process of
obtaining p;,p;,;, and utilizing them to update the Lagrangian multipliers.

The trading process between prosumers and consumers in the P2P electricity
market is carried out according to Algorithm 1 and Algorithm 2. First, the prosumer
sets the trading price (1;) and delivers it to all consumers participating in the
market. Simultaneously, it determines the generation (p{"’“) that maximizes the

profit for the transaction price (/11-’“r1

). Each consumer then determines the optimal
purchase quantity (pj-f{fl) for the transaction price (1;**) and passes it back to the
prosumer. The prosumer updates the trading price using all consumers' purchases

(pFF"), the updated production (p/**), and equation (3.22). Additionally, equations
(2.23) and (2.24) are used to update ,lTik+1 and &k“ to ensure that the capacity

constraints are not violated. This process is then repeated until the trading price is
converged.
According to Algorithm 2, after receiving the transaction price (/1/‘“) and

determining the optimal purchase amount (pj’f{fl), the consumer updates the
lagrangian multipliers v_jk+1 and vjk“ using equations (3.25) and (3.26) to avoid

violating the network constraints on the purchase amount. Then, as with the

prosumer, this process is repeated until v; and v; are converged.

Algorithm 3 describes the process by which the DSO estimates the state of the
grid at each moment of transaction, determines the losses incurred by the grid, sets
the compensation price, and communicates it to market participants. Specifically, the
DSO determines the state of the network by using the updated purchase amount of

the consumer after receiving the transaction price. The sum of the updated purchase
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amount of the consumer is treated as the load of the temporarily set node where the
consumer is located, and the power generation of the prosumer is calculated under
the assumption that the consumer's purchase amount is fully produced by the
prosumer. Through this, the DSO estimates the grid losses incurred by the grid
through power flow analysis and determines the loss price or equalization price
according to the loss-inducing principle defined earlier. The DSO then
communicates the loss price to both the prosumer and the consumer. This loss price
will be taken into account when prosumers and consumers use equations (3.20) and
(3.21) to determine the optimal production and purchase quantities. This process is

repeated until the transaction is completed.

Algorithm 1: Trading algorithm for prosumers

1: Input Purchase volume of consumer (j): pJ’-ff'l

2: Repeat

3: Notify trading prices: 4;%**

4: Update optimal sales volume subject to trading price: plk +1
5: Confirm purchase volume from consumers pj’f A

6: Update trading prices: Aikﬂ

7 Update Lagrangian multipliers: /Tl-k“ ,&"“

8: until |/1ik+1 — 2" | <€
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Algorithm 2: Trading algorithm for Consumers

1 Input Trading price of prosumer (i): (1;%*1)
2: Repeat
3: Receive trading price form prosumer: Aikﬂ
4: Update and broadcast optimal purchase volume: p}‘jl
5: Update Lagrangian multipliers: v_jk“ vt
6: until [7** — v_jk| <e¢, and |ﬁk+1 —vi*| <&
Algorithm 3: Loss charge allocation by DSO
1: Input Purchase volume (p]’flfl) of Consumer (j)
2: Repeat
. Calculate total purchase volume of consumer using p}f{'l:
> Ziezvp Pj,i
4: Estimate prosumer’ s generation output using pj’-flf’l
5: Calculate and notice the loss allocation price (Ip/*?, Ipf*!)
6: until End of transactions
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Chapter 4 Network Operation Scheme with Violation
Charge

The network operation scheme with violation charge for P2P electricity trading is
presented in Figure 6. As with the operation scheme with system loss charge describe
in chapter 3, prosumers and consumers participate in transactions through a
decentralized market mechanism. The DSO obtains the transaction information
exchanged between prosumers and consumers to estimate the network state and
detect network violations such as line congestion and voltage violation. If a network
violation is identified, the DSO imposes violation charge on the participants, leading
to prosumers and consumers adjusting their trading volume. Following the cost-
causality principle, the violation charge is allocated based on the contribution of the
prosumer and consumer's transaction volume to the network violation by using
sensitivity factor. In other words, prosumers and consumers who engage in
transactions that cause a high level of network violation will be subjected to more

significant violation charge.
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START

I— — ——— == my = — P2P Energy Trading = == =1
I Initialize Notice | | | | Update Peer Negotiation | |
Network Network [=# Cost/Utility [P g
| . Process |
I Costs Costs I Function
Allocate Causality-based |
: Violation Charge Update I
, feo, = Z fe % By Network State I
: ¥ No |
| = — Calculate Violation Charge
l (fe, € FC,ve, €E V) |
|
e - — - Network Cost Allocation = == == == == == ==

B Vet Causal relationship factors between peer i and

congestion of line [ and voltage violation of bus b, respectively.

END

Figure 6 lllustrating P2P electricity trading process with causality-based violation

charge
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4.1 Sensitivity factors

Sensitivity is used to estimated network state and distribute penalties for line
congestion and voltage violations, which are network violations caused by
transactions. For the rest of the analysis, it is considered the network as compose of

S slack and N nodes with PQ injection, (i.e., {1,2,3:-, n, m---, M} =SUN, with

SMNN =), le L lines between node i and j.

4.1.1 Voltage sensitivity factors

According to [47], the sensitivity of each node voltage to the injected active power
of a node can be derived through an analytical method as follows. A node injection
is considered to be constant and independent of voltage. It is assumed that for each
separate disturbance of node injections, the other loads generators do not change
their output. Consequently, the calculation of sensitivity inherently explains the
overall response of the network from the point of view of the variation of active and
reactive power flows. This result allows to calculate the sensitivities near the network
state. Based on the power flow equation, the relationship between apparent power

and node voltages at any node n can be represented by equation 4.1.

Sp =V, X Z Yo Xvj, n €N (4.1)
JESUN

o1



Equation (4.1) is maintained for all phases of each node in the network. The aim is
to calculate the partial derivations of voltage magnitude over the active power
injected in other buses. However, the voltage at the slack node always remains
constant regardless of changes in other nodes in the network. Thus, it can be
represented using equation (4.2) that the slack node has no change for a given

variation in the injected active power at any other node in the network.

av,

apm

, Vnes (4.2)

In order to derive the mathematical closed-form for voltage sensitivity coefficients
with respect to injected active power of a node in the network, the partial derivatives
of the voltage with respect to the active power P, ofanode m € N can be derived

as equation (4.3) and (4.4) using equation (4.1).

vy, = . = ov;
ﬂ{i:m} = ap X Z Yn,j X Uj + Un X Z Yn,j X a (43)
m  jESUN JEN m
o, _ 0p, — ja,) (4.4)
TR TR

Equation (4.3) shows linearity with respect to g% and g% in rectangular

coordinates. According to [47], there is a unique solution for calculating partial

v vy,
—n and —n

are derived and
0pm 0pm

derivatives in rectangular coordinates. the values of

substituted into equation (4.5) to finally obtain the voltage sensitivity coefficient and

voltage sensitivity matrix VS of size (N-1)x (N-1).
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alv,| 1 <R < *Xavn>
vsS = = elv —_—
T ap, vl " op,,
1752'2 VSZ,N
VS = E ‘., E
LSN,Z VSN,N]
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4.1.2 Line flow sensitivity factors

Line flow sensitivity is defined as the amount of change in line flow due to a change
in injected active power at node m where random consumers and prosumers are
located. According to [48], line flow sensitivity factors with respect to injected

power FS;,, can be derived using partial differentiation and the chain rule as

follows.
Isfil? = pf + qf (4.6)
dls dp d
FSPl,m: |f|—(pl><—+ql>< ql (47)
a|sf, dp, dq
FSQum = (l | = X—+qx— (4.8)
q,, aq,, aq,,

Where, sf;, p;, q; are apparent flow, active flow, and reactive flow in line [

between node i and j, respectively, and partial differentiation terms are defined as

follows.
d 9 alv,| o 9 29, a 26,
pfy_ S0 ILIJr of | | Pl 96 , 9pf, 06,
ap,, olvl  op, a|v | 06; dp, 06, Op,
oaf, _ 0af, dlvil  daf, | | L oaf, 06,  oaf, 96
— X X—+—X—
ap,, olvl  ap, a|v | a6; dp,, 06, Ip,
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@ + _apfl X ﬂ
dq, 06, 0q,

69L- aqflxaej
aq a6; dq

m ] m

2 X G X vl

—B;; X cosGU)

B;; X con@i‘j) + 2 X B;; X |v

opf, _ 9pf, dlvl  opf, | | L o1,
a0, olvl " aq, " ofy| 99,
oaf, _ 0af, olwl  oaf, | | aqu
aq, dlvl  aq, o|v | 0;
5]
6|p1jcl| | | X (G X cosG + B X smHU)
0
% = |v)| x (Gy; X cos8,; + B;; X sinb,;)
Y
0
%: [v;] ><| |><( Gi; X sinf;; + B;; XcosGU)
i
0
a|ng,| [v;] X | | X (G X sind,;;
oqf .
Tvill = |v]-| X (Gi,}- X smHL-J- -
0
|qfl| lv;| (G X sind;; — B;; X COSHU)
oqf
Tgill: [v,| X |v;| x (G;; X cosB,; + B X sin8,)
0
a|qgfl| |v|><| |><(G X cos8;; + B XSLTLHU)

Equation (4.9) represents apparent line flow sensitivity with respect to node injected

active power matrix FSP of size Lx(N-1)

f512

FSP = :
fSL,z
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4.2 Negotiation process with network violation charge

4.2.1 P2P electricity market modeling

To represent a P2P electricity market operating in the absence of network violations,
a constraint on the network state variable is added to the market model defined by

equation (3.10) in chapter 3.2, which can be written as equation (4.10).

Np Nc¢
max ZWPi(pi) + ZWCj(pj)
i Jj

Pubj (4.10.9)
subject to
WP =2; Xp; — Ci(py) — lp; X p; (4.10.b)
we; = Z [U@;0) = 4 X pji = Ipj X pji] (4.10.c)
iENp
pi = z Pji» Vi € Np (4.10.d)
j€Nc

Pn = {P;_:p;; or pn = —pj, ; : (4.10.¢)
Pi < Pi < Di) Vi € Np (4.10.f)
Pj <P =D) Vj € N¢ (4.10.9)
[va| < 1vnl < |Vl vneN (4.10.h)
sfi < sfy < sfy, vl €L (4.10.i)
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Equation (4.10.e) represents the relationship between the injected power p,, and the
generation p; of prosumer i and the consumption p; of consumer j at a node in the
distribution network where prosumer i and consumer j are located. P2P electricity
trading leads to changes in the network state such as, voltage, and line flow.
Equations (4.10.h) and (4.10.i) indicate that the node voltage and line flow resulting

from the transaction should be remain within a certain reliable range.
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4.2.2 Dual gradient ascent method

In a decentralized P2P electricity market mechanism, market must be cleared
through information exchange between market participants without intervention of
central authorities. In chapter 3, a market clearing algorithm using dual
decomposition, a distributed optimization technique, is presented. However, this
method requires that the constraints, including the objective function, can be
decomposed into local problems. As equations (4.10.h) and (4.10.i) cannot be
decomposed into local problems, the dual decomposition method is not applicable.
Therefore, this study proposes a decentralized market clearing algorithm based on
the dual gradient ascent method.

Equation (4.11) is an example optimization problem to illustrate the Dual gradient
ascent method. The goal is to find values for x and z that maximize the objective

functions: max (f(x) + g(z)), subject to a constraint Ax + Bz = c.
X,Z

max f(x) +g(2)

(4.11.2)

subject to
Ax+Bz=c (4.11.b)
L(x,z,u) = argminf (x) + g(z) + u” x (Ax + Bz — ¢) (4.12)

Equation (4.12) is the Lagrangian dual function for equation (4.11). If strong duality
holds, the maximum value of the Lagrangian dual function coincides with the

solution of the primal problem. The primal variables x and z are updated iteratively
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using the gradient ascent method. However, instead of simultaneous updating, the
primal variables x and z are updated sequentially, with other variables utilizing the
most recent values. The process is repeated until convergence is reached to obtain

the solution to the given problem.

fork =0,1,23,..

k+1 = argmin L(x,zk,uk)

X

X

k+1

z**1 = argmin L(xk+1, z, uk)
zZ

uk+1 — uk _ (Axk+1 + BZk+1 _ C)
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4.2.3 Dual gradient ascent method-based negotiation process

To establish the negotiation process for P2P electricity trading using the dual
gradient ascent method, the Lagrange dual function of equation (4.10) is defined as

equation (4.12).

L (All ﬁl‘ EU V]; ZJ; Ell il) )_(n) K‘n )
= min 1 (AT 1033, E060 X 2

Nc Np Np

= ZZ(U(pj’i) —lpj X pj;) — Z(Ci(pi) +Ipi X p;)

J

Np

+Zli X\ pi— Z p]l
i JEN¢
Np NP

(4.12)

+Zl_li>< (@‘Pi)"‘ZEiX (Pi—gi)

N¢ N¢
j iENp j iENp

L L

+ZEZ X (Ez_sfl)"'ZEl X(Sfl_i)

l l

N N
) T X (Tal = oD + ) 20 % (1] = [1a])
n

n
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Where 4; is the dual variable associated with equation (4.10.d) and represents the
trading price of prosumer i, u; and y; are dual variables for equation (4.10.f)
representing the maximum and minimum power generation limit of prosumer i, v;

and v; are dual variables for equation (4.10.g) representing the upper and lower
voltage limit at node j, El and ¢&; are dual variables for the network constraints of

line flow in the distribution network caused by transactions of prosumers and
consumers, and y,, and x, are dual variables for the voltage limitation at a node
in the network. To solve equation (4.12) using the dual gradient ascent method,
values for the primal variables p; and pj;; must be derived first. Prosumers and

consumers must solve equations (4.13) and (4.14) during negotiation to determine

their trading volume set points.

. —k —k -k —k
pi*t = argmin L(p, pfy Ipf, A0 0 1V, v € &6 X 25D (4.13)
pPi
K+l _ Lok s ok 2% T 1k 75 vk gk Tk Lk
pji argmin L(p;", pji oy, Ao by 1y, Vi V580,80 X X ) (4.14)
Dji

Under the Karush-Kuhn-Tucker (KKT) conditions, a stationarity condition for p;

and pj; must be satisfied as in equations (4.15) and (4.16).

—k —k =k —k 4.15
Vo L (03, 00 IF A B iV v & & X X ) = 0 (4.15)

—k —k =k —k
Vo L@F 0y 0f, A% B 1 95 v 8 S X i ) = 0 (4.16)
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which gives equations (4.17) and (4.18). Where % and p” represent the

n

change in line flow and voltage magnitude at line /and node n, respectively, caused
by the change in generation or consumption at a node n belonging to prosumer i and
consumer j, as defined in Section 4.1. Therefore, as the transaction is repeated, the
DSO determines the dual variables (?f,i{‘,)‘(ﬁ, )_(,’1‘) based on the magnitude of the

network violation and distributes it to each participant according to network

sensitivity.

_ d k.0
. A — by — Ipk + (W =) + ShEk - El) Sf’+27’¥1()_a’% Tm) lv’"l
pi - Zai
(4.17)
— ds —k.0|v
oon Aok of T + T - TS w7 Sl
p); a
(4.18)

1 1

When the values of p¥*! and p"+ are updated during the negotiation process,

prosumers also update their corresponding Lagrange multiplier Aik+1

using
equation (4.19) and passes it to the consumers for further negotiation. In other words,
the difference between the trading volumes of the prosumer and the consumer leads
to a change in the transaction price, and if there is no difference in their proposed

volumes, the transaction price is determined and the negotiation process is

terminated.
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2 = —kex ] = |2k e Pk = )k, (4.19)
JENC

Equations (4.20), (4.21), (4.22), and (4.23) specify the rules for updating the dual

variables ﬁf,g,v}‘,y}‘, which are associated with the minimum and maximum

trading volume constraints of the prosumer and consumer as their trading volumes
k+1 k+1

p;" " and pj; " are updated. Thus, if the trading volume violates the minimum or

maximum volume constraints, the update of dual variables serves to adjust the

trading volume in a direction that reduces the constraint violation.

_k _k + +
) ) @29
k+1 k + k k +
it = [k — e x L] = [ = ko x @f = po) (4.21)
+
+
A A S I AR T Z pk)) (4.22)
iENP
+
+
ij+1 = [ij —k x VZ;'L] = 1_,jk —kx (Z p}‘,i s J)) (4.23)
iENp

Equations (4.24), (4.25), (4.26), and (4.27) provide the rules for updating the dual

—k
variables ¢, ,E{‘,)_(fl, x¥ which are associated with the constraints on line flow and

node voltage limits, as the trading volumes p¥*! and p]’-fl*l are updated. The DSO

calculates the apparent power flow on line | sf; and voltage magnitude of node n

|v,| using the sensitivity factors as shown in equations (4.28) and (4.29). If the line
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flow and node voltage exceed their limit values, the dual variables are updated. These
updated dual variables are then allocated to the prosumers and consumers based on

the network sensitivity.

—k+1 =k tor=k —.1t
= [fl —kx VglL] = [fl —kx(sflk—sfl)] (4.24)
+ +
6 = [g —koxmgt] =[5 —dex (sf = )] (@.25)
—k+1 _ [= k o=k — a1t 4.26
Tt =[x, —kx vy L] = (7, — kx (1Tl = val¥)] (4.26)
+ +
=k —kx T L] = [x* = ke x (1val* = [wa])] (4.27)
[1sfil] P2
. fsiz - fsin]| -
Isfil =[ : - : ] Pn (4.28)
: fsiz - fsun ] -
[sf1] [Py
[V, (D27
: VS v USyy
[vnl | = [ oo ] Pn (4.29)
. sz,z A USNrN .
vy Py
Np
ek = Z|p;c+1 —pP (4.30)
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The proposed negotiation process for P2P electricity trading with network violation
management is summarized in Algorithm 4. During the process, prosumers and
consumers carry out exchanging trading information simultaneously. Furthermore,
electricity trading continues until prosumers and consumers reach a consensus on the
transaction. The criterion for convergence is defined by equation (4.30), and the

transaction continues until the value satisfies the convergence criterion.
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Algorithm 4: P2P electricity trading negotiation process with network violation
management by DSO using dual gradient ascent algorithm

1:

»

10:

11:

12:
13:
14:

15:

16:

17:

18:

) —0 —0 =0 —0
Input: {p, i, A% 1, 148,V v), &, & X X0 }
Output: {p;, p; ;}

Repeat k = 1:max_iter

Consumer j:
Receive the trading price (A*;) from prosumer i € Np

Calculate trading volume (pj’f{fl) using (4.19)

Update 7, "%, v+ using (4.23) and (4.24)
Notify trading volume (pjfi“) to prosumer i € Np and DSO
Prosumer i:

Receive the trading volume (pj’f{fl) from consumer j € N
Calculate trading volume (p¥*1) using (4.18)

Update 7z ", ul** using (4.21) and (4.22)

Update and notify trading price (A**1;) using (4.20)

DSO:

Receive trading volume (pjf{'l) from consumer i € Np

Estimate network state using (4.29) and (4.30)

—k
Update penalties (¢, +1, glk“, )_(k+1, )_(,’i*l) using (4.25 to 4.28)

n

Allocate penalties to prosumers and consumer using (4.7) and
(4.9)

until Convergence
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Chapter 5 Case Study I

In this chapter, the effectiveness of network operation scheme with Causality-based
system loss charge is investigated and verified with a decentralized trading

mechanism.

5.1 Simulation settings

5.1.1 common configuration

Considering the distribution network where P2P electricity trading is expected to be
implemented, the simulation utilizes the IEEE 33 nodes distribution network [49],
as shown in Figure 7. The modified IEEE 33 node distribution network is used in
this simulation, with a total of 7 prosumers and 16 consumers connected to each node
of the network. The trading of electricity between prosumers and consumers is based
on hourly delivery, with the unit of kWh. It is assumed that there are no power trading
activities other than the power generation and consumption determined by the P2P
electricity trading. Furthermore, the line parameters of the modified IEEE 33 node

distribution network were set according to table 4.
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Figure 7 A modified IEEE 33-node distribution network with 17 consumers
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Table 4 Line parameters for IEEE 33 nodes distribution network used in the

simulation.
From To Line length Resistance/km Reactance/km
bus  bus [km] [Q/km] [Q/km]
0 1 1 0.0922 0.047
1 2 1 0.493 0.2511
2 3 1 0.366 0.1864
3 4 1 0.3811 0.1941
4 5 1 0.819 0.707
5 6 1 0.1872 0.6188
6 7 1 0.7114 0.2351
7 8 1 1.03 0.74
8 9 1 1.044 0.74
9 10 1 0.1966 0.065
10 11 1 0.3744 0.1238
11 12 1 1.468 1.155
12 13 1 0.5416 0.7129
13 14 1 0.591 0.526
14 15 1 0.7463 0.545
15 16 1 1.289 1.721
16 17 1 0.732 0.574
1 18 1 0.164 0.1565
18 19 1 1.5042 1.3554
19 20 1 0.4095 0.4784
20 21 1 0.7089 0.9373
2 22 1 0.4512 0.3083
22 23 1 0.898 0.7091
23 24 1 0.896 0.7011
5 25 1 0.203 0.1034
25 26 1 0.2842 0.1447
26 27 1 1.059 0.9337
27 28 1 0.8042 0.7006
28 29 1 0.5075 0.2585
29 30 1 0.9744 0.963
30 31 1 0.3105 0.3619
31 32 1 0.341 0.5302
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In this simulation, the participating prosumers and consumers are defined based on
the parameters presented in Table 5. The parameters a;,b;,and ¢; represent the
quadratic coefficients, primary coefficients, and constants that define the power

generation cost function of prosumer i. The variables p; andp; represent the

constraints on the minimum and maximum power production limits of prosumer i,
respectively. Similarly, the parameters a;, bj, and ¢; represent the utility function

obtained by consumer j through purchasing electricity, with the variables p; and p;

representing the minimum and maximum power purchase limits of consumer j,
respectively.

The maximum values of prosumer's quadratic and primary coefficients are set to
0.015 [¢/kWh?] and 4.574 [¢/kWh] , respectively. The minimum values of
consumer's quadratic and primary coefficients are set to 0.144 [¢/kWh?] and
20.5[¢/kW], respectively, which are higher than all prosumers. This implies that the
utility of the consumer is higher than the production cost of the prosumer, resulting

in transactions always occurring.
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Table 5 Parameters of prosumers and consumers for P2P electricity trading in IEEE

33 nodes distribution network for system loss charge simulation.

N b;, B; Y  PuPj Pi,Pj
[¢/kWh?]  [¢/kWh]  [¢] [KW] [KW]

19 0.0134 4574 0 30 450
20 0.0142 4512 0 30 400
21 0.0136 4.446 0 20 350
P“’S(‘:;”ers 22 0015 4,548 0 30 400
23 0.0146 4516 0 30 400
30 00144 4574 0 35 450
31 00138 4.498 0 25 350
3 0.124 20.5 0 30 160
4 0.112 19.8 0 25 170
6 0.108 19.3 0 45 175
8 0.092 19.4 0 30 210
9 0.09 195 0 40 210
10 0114 20.1 0 35 170
12 0.1 19 0 30 190
14 0126 19.2 0 30 150
CO”?;.’)mers 15  0.128 19.4 0 25 150
16 0.124 19.8 0 45 150
17 0114 19.9 0 30 170
18 0.1 19.2 0 30 180
24 0126 19.6 0 30 150
26 0122 19.4 0 30 150
27 0.144 20 0 30 130
29 0114 19.5 0 30 170
32 0.11 18.7 0 25 170

71



5.1.2 simulation scenarios

Table 6 shows the summary of scenarios. a unit system loss price needs to be
established in order to calculate the system loss cost. The unit system loss price
represents the power that the DSO procures from the transmission system to
compensate for system losses that occur in the distribution system due to P2P
transactions. In order for prosumers and consumers to participate in P2P electricity
trading, the transaction price should be established between the wholesale price in
the transmission market and the retail price to the utility. This is because prosumers
need to sell electricity at a price higher than the wholesale price, while consumers
need to purchase electricity at a price lower than the retail price in order to achieve
economic benefits. For this study, considering an average P2P electricity transaction
price of 16 ¢/kWh in the simulation, the unit system loss price is set to 10 ¢/kwWh.
Thus, this means that the DSO pays 10 ¢/kWh to purchase electricity from the
transmission network to compensate for system losses caused by the P2P
transactions, and distributes the cost to P2P electricity market participants using the
proposed loss allocation schemes. In Al, the system loss cost is equally distributed
among all market participants. In A2 and A3, the cost is distributed among market
participants using incremental transmission loss coefficients and Shapley values,

respectively.
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Table 6 Configuration of the scenario in the simulations for the system loss

charging schemes. (¢ : Causal relationship factor for system losses determined
by incremental transmission loss, ¢ : Causal relationship factor for system losses

determined by shapely value)

. The unit
. Loss allocation . .
Scenario system loss Loss allocation prices
schemes .
price
Al Equal loss A X System losses
allocation Total trading volume
" Marginal loss A((Eilk:tNO)h] A x System losses X @y, o
allocation ’ Total trading volume
Shapely value- A X System losses X
A3 based loss y Psn

allocation Total trading volume
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5.2 Simulation results

Figure 8 illustrates the results of the system losses incurred as a result of the
transactions in each scenario. In A2 and A3, the system losses are almost the same,
at 109.230 kWh and 109.410 kWh, respectively, while in Al, the system losses
amount to 116.672 kWh. On average, the losses incurred in A2 and A3 are 6.302%
lower than the losses incurred in Al. In A1, the loss cost is ¢ 1166.718, whereas in
A2 and A3, the loss costs are ¢ 1092.289 and ¢ 1094.107, respectively. It can be
observed that the loss costs in Al are about 6% higher than the loss costs in A2 and
A3. In other words, the application of loss management schemes based on the cost-
causality-based principle reduces system losses and loss costs in the P2P electricity
market in A2 and A3.

In A2 and A3, a decrease in system loss can be observed as a result of trading,
however, there are no significant changes in trading volume. Figure 9 illustrates the
total trading volume and market welfare resulting from trading in each scenario.
Market welfare is calculated as the sum of net benefit (revenue - generation cost -
loss cost) obtained by the prosumer and welfare (utility - payments - loss cost)
obtained by the consumer. In A1, A2, and A3, the trading volume remained almost
unchanged at around 2,705 kWh. However, the total market welfare generated in Al
is ¢ 21,188, while in both A2 and A3, the market welfare slightly increased to ¢
21,185. This implies that the change in system loss and market welfare, with trading
volume remaining nearly constant in all scenarios, indicates a change in trading

patterns among market participants.
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Figure 8 Amount of system losses and loss costs corresponding to trading results of

each scenario.
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Figure 9 Total market welfare and trading volume for each scenario.
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As shown in Figure 10, In comparison to Al, the changes in trading volume for
market participants are as follows in A2 and A3. In A2, the producer located at node
19 has a decrease in trading volume of 4.55 kWh, while the producer located at node
30 has an increase in trading volume of 1.927 kwWh. Consumers located at nodes 6,
18, 29, and 32 has an increase in total trading volume of 54.423 kWh. However,
consumers at nodes 9, 12, 14, and 15 have a decrease in trading volume of more than
447.854 kWh. Similar patterns are observed in A3. The producer at node 19 has a
decrease in trading volume of 4.638 kWh, while the producer at node 30 has an
increase in trading volume of 2.229 kWh. Consumers located at nodes 6, 18, 29, and
32 have an overall increase in trading volume of 50.748 kWh. However, consumers
at nodes 9, 12, 14, and 15 have a decrease in total trading volume of 53.777 kWh.

The reason for this change can be observed in Figure 11, where prosumers at nodes
19, 20, and 21 have a positive loss price, indicating that they contribute to the overall
system loss as they generate more power. Conversely, prosumers at nodes 22, 23, 30,
and 31 are charged a very small price, even a negative price, indicating that they
contribute to reducing system losses as they generate additional power. It is noting
that nodes 22, 30, and 31 contribute to reducing system losses. As a result, prosumers
at nodes 22, 30, and 31 trade electricity at a lower price in A2 and A3 compared to
Al, reflecting the negative loss price in the transaction price. Additionally,
consumers located from Node 9 to node 17 have a decrease in trading volume in all

scenarios due to the imposition of high transmission loss charges.

76



A2-Al

[kWh]|
4
3
2
1 e e B 6
0 P 4
1 1920 21 22 23 30 31 3
-2 Prosumers
-3
3 w4 m6 89 w0 mI12 W14 W15 W16 W17 w18 024
|KWh]|
4
3
2
1 "‘""‘;‘"” 6
0 P e 4
o 192021 22 23 30 31 3

-2
-3

Prosumers

W3 w4 6 8 W9 W10 W12 m14 W15 W16 1T W18 w24

Figure 10 Change in trading volume of market participants in each scenario.
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(A2-Al: Changes in trading volume at A2 based on A1, A3-Al: Changes in trading

volume at A3 based on Al)

77



[¢/KWh]
0.9

WALl +A2 +A3

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
-0.1

-0.2
19 20 21 22 23 30 31 3 4 6 8 9 10 12 14 15 16 17 18 24 26 27 29 32

Prosumers Consumers

Figure 11 Unit loss charge assigned to prosumers and consumers for each scenario.

Since P2P electricity trading has not yet been applied in practice, it is possible to
exactly determine the unit system loss price to compensate for system losses.
Therefore, an analysis to examine the effects of different unit system loss prices on
the results of P2P electricity trading is performed. Figure 12 shows that the change
in trading volume in A2 and A3 compared to Al is not significant, ranging from 0.3%
to 0.5% increase. The increase in trading volume may not have a significant impact
on improving losses and increasing market welfare. It is also mentioned that as the
unit system loss price increases, the trading volume decreases due to the increased
system loss cost to be paid by market participants. However, without specific values
for trading volume, unit system loss prices, and their impact on market welfare, it is
challenging to make definitive conclusions about the significance of the changes in

trading volume on system losses and market welfare. Further analysis and data may
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be needed to accurately assess the impact of trading volume on the outcomes of the
case study.

Figure 13 presents the changes in system losses for each scenario as the unit
system loss price varies. In all scenarios, it is evident that system losses are reduced
to a greater extent in A2 and A3 compared to Al. Furthermore, the reduction in
system losses becomes more significant as the unit system loss price increases. For
instance, when the unit system loss price issetat ¢ 7, the average decrease in system
losses is 4.503% in A2 and A3 compared to Al. However, when the unit system loss
price is increased to ¢ 16, the reduction in system losses reaches 11.442%. This
suggests that as the unit system loss price increases, the allocation of losses also
increases, which has a greater impact on the overall utility that market participants
can obtain through power trading. The linear relationship between the unit system
loss price and the reduction in system losses is clearly observed in the results,
indicating that the unit system loss price is an important factor to consider in the

design and implementation of P2P electricity trading mechanisms.
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Chapter 6 Case Study II

In this chapter, the effectiveness of the network operation scheme with causality-

based violation charge is verified through simulations.

6.1 Simulation settings

6.1.1 Common configuration

The physical environment in which P2P electricity trading is conducted are same as
modified IEEE 33-node distribution system same as in chapter 5. The characteristic
parameters used to determine market participants' transactions are also taken from
Table 5, which was used for the system loss charge. To validate the network
operation scheme with causality-based violation charge in the presence of system
constraints, the capacity of all lines has been set to 1,000 kVA, and the operational

limits for node voltage have been set from 1.01 p.u. to 0.95 p.u.
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6.1.2 simulation scenarios

Five scenarios are set up as shown in table 7. Bl represents the case where
transactions are performed without any network operation scheme. B2 and B3 are
established in this study to verify that the proposed method is more cost-effective.
B2 uses the power flow equation to accurately estimate the network state and
imposes a fixed violation charge when a network violation occurs. In B3, the
sensitivity factor-based network operation scheme proposed in this dissertation is
used to estimate the line flow and congestion, and the penalty is also allocated using
sensitivity factor. B4 and B5 are set up in this study to demonstrate that the proposed
method is more suitable for managing line congestion. In B4, transaction information
and PTDF are used to estimate the flow on a line in the network and allocate violation
charge when line congestion occurs. B5 uses sensitivity factor to calculate line

congestions and allocate violation charge using the sensitivity factor.
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Table 7 Configuration of the scenarios in the simulations for the network operation

schemes using violation charge.

Network Operation Scheme

. Network
Scenario state L .
. Violation charge allocation methods
calculation
methods
No
B1 method No Charge
Power . R
B2 flow Fixed V|olat|or_1 chqrges for voltage
. violation
equations
Cost
Efficiency

Sensitivity Allocating voltage violation charge

B3 e
factors based on sensitivity factor
Allocating violation charges based on
B4 PTDF PTDF only for line congestions
Congestion
Management
B5 Sensitivity Fixed violation charges for line
factors congestions
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6.2 Simulation Results

6.2.1 Simulation result for cost efficiency

Figure 14 illustrates the node voltage profiles of P2P electricity trading in scenarios
B1 B2 and B3. In B2 and B3, it is evident that the node voltage profiles lie within
the reliable voltage level range. In B3, node 17 and 21, which are vulnerable to
voltage violation, and its adjacent nodes exhibit voltage profiles that are close to the
limit voltage. However, in B2, a more reliable voltage profile is observed on these
nodes, which attributed to the decrease in overall transaction volume. Table 10
presents the total market welfare and trading volume stemming from P2P electricity
trading in B2 and B3. The trading volume in B2 surpasses that of B3 by over 51%,
and the total market welfare is over 20% higher, indicating that the violation charge

based on the cost-causality principle promotes greater market efficiency.

Table 8 Comparison of market results between B2 and B3 in terms of

trading volume and market welfare

scenario Trading volume [KWh] Market welfare [¢]
B2 1,429 16,447
B3 2,162 19,769

rate of 51.243% 20.198%
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Figure 14 The voltage at nodes of the distribution network according to the market

results in B1, B2 and B3.

Under the management scheme of B2, the DSO set a fixed charge of
approximately ¢ 4/kWh to all market participants for voltage violation at node 21 as
shown in figure 15. As shown in figure 16, the DSO imposes large violation charge
on prosumers located at nodes 19, 20, and 21 to curb the generation at node 21 and
avoid a voltage violation. Conversely, no charges are imposed on prosumers located
at nodes 22, 23, 30, and 31, which have less direct association with node 21.
Furthermore, consumers located at nodes 12, 14, 15, 16, and 17, which are in close
proximity to node 17 and prone to voltage drops, incurred higher penalties than other
consumers, which contributed to limiting transaction volume. In contrast,
Consequently, both prosumers and consumers who have a minimal impact on

causing voltage violations would encounter a decrease in trading volume.
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Figure 15 Voltage violation charge assigned to prosumers and consumers in B2.
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Figure 16 Voltage violation charge assigned to prosumers and consumers in B3.
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Figures 17 and 18 depict the change in transaction volume of individual prosumers
and consumers for each scenario. In B2, the transaction volume of prosumers at all
nodes consistently decreased to approximately 200 kwh, and the trading volume of
all consumers also reduced compared to B1. Conversely, in B3, the trading volume
of prosumers at nodes 19, 20, and 21 is reduced by around 50% compared to the B1
scenario, while the trading volume of consumers located at nodes 12, 10, 14, 15, 16,

and 17 is decreased by an average of 35%.
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[kWh]
700
600
500
400
300
200

0

19 20 21 22 23 30 31 6 9 10 12 14 15 16 17 18 24 26 27 29 32
Prosumers Consumers
Node Index

Figure 17 Comparison of the trading volume of prosumers in B1, B2 and B3.
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6.2.2 Simulation results for congestion management

The simulation results of the line flow occurred by trading results are shown in
Figure 18. With a flow limit of 1,000 kVA or 1,000 kW for all lines, line congestion
occurred on both B1 and B4. In B1, where no network violation charge is applied,
line congestion occurred due to P2P electricity trading on lines 1, 2, 3, 4, 5, 6, 7, 8,
17 and 18. However, in B2, where PTDF is used to manage line congestion, line
congestion occurred on line 2 and 5 due to an active line flow of 1,056 kW and 1,025
kW. In B3, a line flow of 958 kVVA and 974 kVVA are observed on line 2 and 5 as a
result of P2P electricity trading. This flow is lower than the flow limit, indicating the
effectiveness of the network violation charge using sensitivity factor to manage line

congestion.
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Figure 18 Line flows in the distribution network according to the market results in

each scenario.
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The network operation with violation charge works by restricting the trading
volumes of prosumers and consumers. Figure 19 and Figure 20 show the trading
volumes of prosumers and consumers in each scenario. In B1, all prosumers have
higher or equal trading volumes compared to other scenarios, and the trading volume
of nodes 19, 20 and 21, which affect the flow on line 2, 3, 4, 5, 6, and 7 where line
congestion occurs, is more than 130 kW higher than other nodes. In B4, the trading
volume is lower than in B1, and the decrease in trading volume at nodes 19, 20, 21,
22 and 23 leads to a decrease in the flow on line 2. In the meanwhile, the trading
volume of prosumers located at node 30 and 31 are not decreased. The trading
volume of consumers located at nodes 4, 6, 8, 9, 10, 12, 15, 16, and 17, which impact
Lines 2, 3, 4, 5, 6, and 7, also decreased. The same phenomenon occurred in B5 as
well. The trading volume of prosumers located at nodes 19, 20, 21, 22, and 23
decreased, and the trading volume of consumers located at nodes 4, 6, 8, 9, 10, 12,
15, 16, and 17 also decreased. Furthermore, the trading volume decreased even more

in B5 compared to B4, resulting in the absence of line congestions in B5.
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Figure 19 Comparison of the trading volume of prosumers for each scenario.
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The network operation with violation charge run by estimating the impact of
transaction volumes of prosumers and consumers on network violations, imposing
violation charge, and distributing them based on the cost-causality principle. Figure
21 illustrates the charge for line congestion in B2 and B3. Notably, prosumers 19,
20, 21, 22, and 23 receive high violation charge as their transactions directly
influence the line flow on line 2 and 5, while prosumers 30 and 31 are subject to low
violation charge as their impact on the line flow is small. Similarly, consumers other
than those located at nodes 18 and 24 are assigned high violation charge since their
transaction volume increases the flow on line 2. Consequently, the imposed violation
charge makes an increase in the transaction volumes of prosumers at nodes 30 and
31in B2 and B3, while reducing the trading volume of other prosumers. Furthermore,
the transaction volumes of consumers 18 and 24 decrease as a result of the violation
charge.
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Figure 21 Violation charge for line congestion assigned to prosumers and

p—

consumers in B2 and B3.
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Both B4 and B5 has distributed violation charge based on the cost-causality
principle for line congestion, but line congestion occurs in B4. This is due to a low
calculation accuracy of PTDF. PTDF represents the change in line flow with respect
to the injected active power of a node. However, to derive it, it ignores the resistance,
which is an assumption made for performing the decoupled power flow equation,
and does not consider voltage changes, making it unsuitable for distribution
networks with high resistance and large voltage variations. Figure 22 shows the error
between the line flow estimated by PTDF, sensitivity factor in B4 and B5 and the
actual line flow. On average, PTDF showed an error of 1.9%, while sensitivity factor
showed an error of about 1%. It can be seen that this error is particularly significant

on the line adjacent to the line where the reverse current occurs.
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Figure 22 The errors between line flows calculated by the power flow equation and

estimated line flows calculated by PTDF and sensitivity factors in B2 and B3.
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Chapter 7 Conclusions and Future Works

7.1 Conclusions

The P2P electricity market operated by a decentralized mechanism, market
participants carry out transactions solely for their own benefit, without taking
responsibility or playing a role in the management of the system losses and network
violations, leading to reduced cost-efficiency and system failures and accidents. To
address these issues, several previous studies have suggested methods for network
operation. However, these methods could not proactively encourage the cooperation
of market participants. Against this backdrop, this study proposes a network
operation scheme for DSOs to enhance cost-efficiency and ensure network reliability
with P2P electricity trading by a decentralized mechanism.

The proposed DSO operation scheme aims to encourage market participants to
cooperate in operating the network by allocating network service charge to be paid
by the participants. Specifically, the DSO informs market participants of the system
loss charge to reduce system losses and improve market efficiency. The study uses
the cost-causality principle to allocate the system loss charge. This principle implies
that market participants should pay the system loss charge to the extent that they
contributed to the system loss. The study finds that the casualty-based system loss
charge is superior to postage stamp method in terms of the optimal market outcome.
Assuming that market participants' utilities strictly convex and their contributions to

system losses can be distinguished based on their trading volume, the study
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demonstrates that the conditions for satisfying the Nash equilibrium of market
participants and the first-order conditions for the optimal market are equivalent. In
order to design causality-based system loss charge, the study proposes a marginal
loss allocation using sensitivity to system losses against to trading volume, and a
Shapely value loss allocation, which represents the average marginal contribution to
system losses.

The decentralized P2P electricity trading process with system loss charge is
proposed. It is formulated as an optimization problem, and the gradient ascent
method and dual decomposition method are utilized to solve the optimization
problem in a decentralized manner through information exchange among market
participants. Specifically, a Lagrange dual problem is derived from the primal
problem, and is partitioned into local problems for each market participant. Each
participant solves its local problem to maximize its own utility and shares the result
with counterparties. Counterparties use this information to solve their own local
problems and maximize their own utility, and transmit the results back to the
counterparties. This iterative process continues until a converged transaction result
is obtained. During this process, the DSO acquires the trading volume transmitted
by market participants and estimates the system losses through it. The allocated
system loss charges are transmitted to market participants using marginal loss
allocation prices or shapely value. In other words, market participants receive
information about the system losses generated by their transactions in the form of
prices and can take them into account when making transactions.

The decentralized P2P electricity trading process with network operation using

violation charge is proposed. The sensitivity factors are used to formulate the P2P
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electricity trading that ensures that the market outcome is within the range of reliable
operation. Constraints for line congestion and voltage violations are added to the
optimization problem to define the market model. The primal problem was converted
into a Lagrange dual problem using the gradient ascent method and stationary
condition. The trading process was designed to solve the problem with only the
information exchange of market participants. Each market participant establishes its
optimal trading volume by solving a local problem set as the first-order condition of
the Lagrange dual problem. The optimal trading volume is transmitted to the
counterparties, and they establish their own optimal trading volume by solving their
local problem in consideration of the other party's optimal trading volume. This
process continues until converged trading results are obtained. The DSO checks for
network violations by obtaining transaction volume information from market
participants. If a violation occurs, violation charge is allocated using sensitivity
factors and delivered to the market participant. Market participants establish optimal
trading strategies in consideration of the allocated violation charge. Thus, those with
a large violation charge reduce their trading volume to avoid a decline in profits or
utility, leading to the suppression of network violations.

To validate the effectiveness of the proposed network operation scheme with the
network service charge, a case study was conducted using a modified IEEE 33
distribution network. Firstly, the findings indicate that operation scheme led to a
reduction in system losses compared to the postage-stamp method, without any
changes in the total trading volume. In other words, the change in system losses
resulted from alterations in the trading volume of each market participant. In the

trading environment where the system loss charge is allocated by cost-causality,
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market participants located in nodes with higher system loss charge decide to reduce
trading, whereas market participants in nodes with lower system loss charge an
increase in trading volume, when comparing to the network operation using postage-
stamp method. Hence, the proposed scheme can have the effect of reducing trading
volume as the contribution to the losses increases. Also, it is observed that the
marginal loss method and the shapely value method exhibits almost the same system
loss charge for each node.

Secondly, the network operation scheme with violation charge shows cost-
effective results with the P2P electricity trading. the causality-based violation charge
demonstrates superior performance in terms of pursuing social-welfare compared to
the fixed violation charge, which imposes excessive violation charge on the market
participant who do not have little impact on violations, thereby reducing the
incentive for trading. Further, by using sensitivity to estimate line flows, the error
rate is reduced by approximately 50% compared to the line flow estimation obtained
using PTDF. Particularly, the error rate of line flow increases on the line with reverse
flow and its neighboring lines, making it difficult to manage line congestion
accurately using PTDF. However, the sensitivity factor used in this study enables
precise estimation and management of line congestion. Moreover, by estimating the
node voltage through sensitivity factors without solving the power flow equation,
providing a computational efficiency as the number of market participants increases.

The significance of this dissertation lies in proposing the network operation
scheme for P2P electricity trading using network charge to improve cost-efficiency
while enhancing network reliability. The following contributions can be summarized:

First, it demonstrated that the system loss charge based on the cost-causality
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principle is consistent with the optimal market efficiency. Two methods are used for
setting the system loss charge, they did not show significant differences in market
results. Therefore, the contribution to system losses depends on the characteristics
of the network. Second, it is presented that the P2P electricity trading process with
the system loss charge scheme based on the cost-causality principle and verified its
effectiveness in terms of reducing system loss. Third, it proposes a network operation
scheme with violation charge that guarantees higher market efficiency than the fixed
violation charge method while enhancing network reliability. Further, it is more
practical to be implemented by utilizing sensitivity factors without solving the power

flow equation.
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7.2 Future Works

One of the key assumptions of this study is that market participants engage in
cooperation to ensure cost-effective grid operation in response to network charges.
Based on this assumption, the market participant's market strategy model used in this
dissertation adjusts trading volumes according to changes in network charges, with
the aim of facilitating cooperation for network operation. However, it is important
to acknowledge that this assumption may not always hold in real-world scenarios.
For instance, market participants with malicious intent may tolerate network charges
and cause excessive system losses or network violations by engaging in transactions.
Cost-efficient and reliable network operation necessitates managing such
transactions, but the proposed operation scheme in this dissertation has the limitation
in dealing with them. Furthermore, from a modeling perspective, formulating an
optimization-based market problem that include market participants with such
characteristics is challenging due to the non-linear and non-convex nature of their
transaction models. Therefore, it is imperative to develop improved transaction
mechanisms that can restrict transactions by malicious market participants and foster
cooperation among market participants for network operation.

Another assumption made in this dissertation is that trading information exchange
among market participants is synchronized. In other words, all market participants
exchange trading volume simultaneously, and system loss charges and violation
charges are determined based on the network state at the moment when information
is exchanged. However, in reality, such information exchange occurs

asynchronously, introducing the possibility of missing information during the
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estimation of the network state based on trading volume information. Therefore,
improvements are needed in the trading mechanism to account for this missing
information when imposing network charges.

Finally, the Shapley value is utilized for loss allocation because it provides a fair
method to distribute costs and benefits imposed on participants in a cooperation.
However, computation of the Shapely value requires figuring out all possible
combinations of marginal contributions from participants and determining their
average values. This process leads to exponentially increasing computational
complexity as the number of participants grows. In this study, an algorithm was
employed to simplify the calculations by utilizing the fixed current of each node,
thereby mitigating this limitation. However, it should be noted that this method is
specifically applicable to radial networks and may have restrictions when applied to
mesh networks. Therefore, efficient computational methods need to be developed to

allocate system loss charges using the Shapley value in mesh networks.
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