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a b s t r a c t

In pay-as-bid peer-to-peer (P2P) energy trading, various types of prosumers and consumers can
participate, regardless of their offers. Thus, various types of participants impact the network differently.
However, very few pay-as-bid P2P energy trading studies have specifically discussed appropriate
compensation for network usage, although the market is implemented in existing utility-owned grids.
Therefore, to improve the performance of pay-as-bid P2P energy trading, it is important to determine
the appropriate compensation to utilities for network usage. This study aims to obtain an appropriate
network cost allocation method for pay-as-bid P2P energy trading. Hence, the authors present a
review of pay-as-bid P2P market mechanisms and various network cost allocation (NCA) methods.
Additionally, a comprehensive evaluation framework is proposed to determine the most appropriate
NCA method for the pay-as-bid P2P energy trading system. A comparison was made between various
NCA methods to investigate the outcomes of the implementation of different NCA methods to various
market conditions. The study constructs a case study based on the operator-oriented P2P model to
represent the pay-as-bid P2P energy trading system. The simulation of pay-as-bid P2P energy trading
with large participant number is applied in the IEEE 69-bus distribution system. The study concluded
that applying the appropriate NCA method would improve the performance of pay-as-bid P2P energy
trading operation.

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In recent years, there has been increasing interest in the inte-
ration of distributed renewable energy. However, the high pen-
tration level of distributed renewable energy resources causes
oordination issues in the distribution network, due to the natural
haracteristic of intermittency of renewable energy (Brandstätt
t al., 2012). To solve this problem, the study in Pena-Bello et al.
2021) suggests that the participation of a distribution network’s
ustomers can be established through direct transactions. In ad-
ition, recent evidence, observed in Directive (2008), shows that
ost distribution systems’ customers prefer direct transactions

or them to assume full control. Therefore, the peer-to-peer (P2P)
nergy trading market is a solution that offers direct transactions
etween a distribution system’s customers—prosumers as sellers
nd consumers as buyers (Tushar et al., 2020).
The number of P2P energy trading studies has grown rapidly in

ecent years, due to the advances in communication technology
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nc-nd/4.0/).
that have been implemented in power systems. Thus, various
methods have been applied to improve the performance of P2P
energy trading, including blockchain technology (Esmat et al.,
2021), non-cooperative game theory (Jing et al., 2020a), and
optimization-based matching (Paudel and Gooi, 2019). Gener-
ally, the various developments can be categorized based on how
they determine the market price as the principal aspect of P2P
energy trading in a local electricity market: uniform and pay-
as-bid pricing mechanisms (Benetti and Sperandio, 2020a). In a
uniform pricing mechanism, there is only one market-clearing
price, which is determined based on the equilibrium between
supply and demand curves (Xu et al., 2021). Study in Tushar
et al. (2016) constructs a uniform price auction-based energy
storage allocation through P2P energy trading concept. From the
study, the uniform pricing allows the lowest market-clearing
price results; however, only customers with compatible payment
can participate in the market.

Therefore, the pay-as-bid pricing scheme was developed for
use when different types of customers traded at different prices,
and is implemented by a third party or operator to allocate the
resources (Wittwer, 2018). Therefore, the scheme allows more
rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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List of abbreviations

BRP Block Rate Pricing
DERS Distributed Energy Resources
EBE Distributed Generation
FERC Federal Energy Regulatory Commission
LCOE Levelized Cost of Energy
LP Linear Programming
MILP Multi-Integer Linear Programming
NCA Network Cost Allocation
NUC Network Usage Cost
P2P Peer-to-Peer
PV Photovoltaic
SMP System Marginal Price
TOU Time of Use

customers to participate in the P2P energy trading, thus cre-
ating additional benefits for the system. To perform a market
transaction, the operators select which prosumers and consumers
can participate, based on the offered energy prices. However,
the energy prices offered by the participants are only deter-
mined based on their generation cost and willingness to pay.
Because the P2P energy trading is conducted in an existing utility-
owned network, the operators should also consider compensation
for the network usage and, accordingly, determine the optimal
matched-participants compensation method for network usage
resulting from the P2P energy trading, especially for those using
the pay-as-bid pricing mechanism.

Technically, compensation for network usage cost (NUC), in-
luding the cost of maintenance, planning, and operation of the
ower system infrastructure, is the responsibility of the gener-
tors and loads. Therefore, a possible solution to this problem
s to distribute the NUC among all market participants (Tushar
t al., 2021). The term, network cost allocation (NCA), refers to a
ethod of distributing NUC. An NCA method ensures the quality
f transmission service by satisfying a set of restrictions (Benetti
nd Sperandio, 2020b). Thus, NCA methods offer various bene-
its, including preventing cross-subsidies between network users,
roviding adequate remuneration for present and future trans-
ission investments, communicating economic signaling for fu-

ure dimensioning, and allowing continuity of existing network
harges (Fink et al., 2011). Furthermore, applying the NCA meth-
ds can be one of the ways to manage network congestion, which
ccording to Tushar et al. (2018) and Tushar et al. (2019), is
ecoming a challenge due to the increasing number of users in
2P energy trading.
Generally, NCA methods can be categorized into two types,

ased on the use of power flow results: non-power flow-based
nd power flow-based method. The basic concept of non-power
low-based methods include the postage stamp, contract path,
nd MW-mile methods, is to distribute the NUC based on the
ransacted power magnitude, without considering the actual net-
ork conditions (Shahidehpour et al., 2003). Although these
ethods provide straightforward calculations, they fail to specify

ndividual contributions because they allocate average NUC based
n the assumption that all network facilities are used (Happ,
994). Therefore, power flow-based methods, such as Bialek’s
racing, Kirschen’s tracing, the equivalent bilateral exchange
EBE), and the Z-Bus NCA methods, were developed to determine
pecific participants’ contributions (Lima et al., 2009a). By allocat-
ng the NUC based on the specific contribution of each generator
r load, the degree of cross-subsidies can be reduced (Nikoukar
nd Haghifam, 2012). However, in contrast to the non-power
14443
flow-based methods, the power flow-based methods entail more
complicated calculations.

In addition, the application of the existing NCA methods has
been limited to centralized power system operation; few studies
have considered the feasibility of implementing the NCA methods
in decentralized power system operation, especially pay-as-bid
P2P energy trading. In this market model, multiple pairs of pro-
sumers and consumers are determined dynamically according to
their bidding process. However, due to the dynamic transactions
in pay-as-bid P2P energy trading, the power flows can become
complex, with counter flows and fluctuating transacted capaci-
ties, which can cause grid issues, such as voltage variations and
congestions (Azim et al., 2020a). To date, no study has focused
on the implementation of NCA methods in pay-as-bid P2P energy
trading (the trading that allows more active interactions between
prosumers and consumers). Therefore, there is an urgent need
to determine the most appropriate NCA method to implement
in pay-as-bid P2P energy trading through the comprehensive
investigation framework.

The objective of this study is to investigate the suitability
of the existing NCA methods for pay-as-bid P2P energy trading.
For this, the case study of the operator-oriented model is used
to represent pay-as-bid P2P energy trading. Market with large
participants is simulated in the IEEE 69-bus system, whose results
are analyzed to determine the most appropriate NCA methods for
P2P energy trading. In summary, the main contributions of this
paper are as follows:

(1) The pay-as-bid P2P energy trading and developed NCA
methods are reviewed to give comprehensive understand-
ings about the field.

(2) Requirement diagram analysis is employed to determine
the principal parameters, that can influence the perfor-
mance of pay-as-bid P2P energy trading.

(3) The framework of evaluation is constructed by various
scenarios to explore the ability of each NCA method in
different market conditions.

(4) The simulation integrates various type of electricity cus-
tomers including residential, commercial, and industrial
with actual generation and load pattern, which can make
the evaluation results more valuable in formulating pay-as-
bid P2P market strategies.

The remainder of this paper is structured as follows. Advanced
research in P2P energy trading is discussed in Section 2, while
Section 3 presents a description of the various NCA methods and
the proposed evaluation framework. Finally, the results for each
method under various evaluation scenarios are presented and
discussed in Section 4. Section 5 concludes, with suggestions for
future research.

2. Pay-as-bid P2P energy trading

The concept of pay-as-bid is borrowed from the financial
sector, in which it is used to allocate large classes of assets
and commodities. The application of the pay-as-bid scheme in
P2P energy trading has been proposed in both academic studies
and practical projects. In addition, as an auction mechanism, the
important aspects of the pay-as-bid scheme are the pricing ad-
justment and selection process. Therefore, to provide a complete
picture, the concept of the pay-as-bid P2P energy trading mech-
anism is elaborated under three subsections: general description,
pricing adjustment, and selection process.
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.1. General description

In this pricing scheme, market participants bid their sup-
ly and demand at different quantities and prices (Lin et al.,
019). This method was developed as an extension to the well-
nown uniform pricing of auction goods, which has a high degree
f product fragmentation (Oren, 2004). In the symmetric equi-
ibrium of a pay-as-bid auction with symmetrically informed
idders, each bidder submits their bid for one among all shares as
f they competed with all the bidders for one indivisible good in
first-price auction with independent private values (Wittwer,
020). This means that the pay-as-bid pricing mechanism en-
ourages a highly competitive environment for maximum benefit
rom auctions. Thus, regarding power systems, the pay-as-bid
echanism is commonly used in the trading of the power com-
odity, which has high uncertainty and multiple traded units.
As a reference, the pay-as-bid pricing mechanism has been

sed in the electricity markets in Germany and Italy (Wang
t al., 2015). In these countries, the pay-as-bid mechanism has
een used to balance the markets, including spinning and non-
pinning reserves. Iran and England use pay-as-bid as a major
rading mechanism for their electricity markets (Motamedi et al.,
014; Stacke and Cuervo, 2008). They use a discriminatory pricing
ethod to determine the electricity price based on the estimated
arginal cost. Furthermore, due to the massive transition in
ower systems from natural monopolies towards competitive
arkets, pay-as-bid pricing is considered in many studies of

he electricity market. In Swider and Weber (2007) and Swider
2007), the pay-as-bid approach was adopted for simultaneous
idding in pay-ahead auctions for spot energy and power sys-
ems reserves. For non-spinning reserves, day-ahead bidding was
mplied in the P2P energy trading with renewable energy re-
ources (Meinke et al., 2020). Additionally, the pay-as-bid pricing
cheme has been used ubiquitously in various P2P energy trading
esearch, such as in discriminatory k-double auctions (Angaphi-
atchawal et al., 2021), community-based microgrids (Vieira and
hang, 2021a), and bilateral-contract P2P (Morstyn et al., 2018).
Generally, pay-as-bid P2P energy trading has two important

spects: price-adjustment and selection process. As the figure
hows, in the price-adjustment step, the participants submit their
ids, including trading prices and capacities. Furthermore, the
election process starts with a double auction mechanism to opti-
ize the objective function accordingly. Finally, settlement by the
perator allocates the payment and energy to each participant, as
hey bid. The details of each pay-as-bid P2P energy trading aspect
re elaborated on as follows.

.2. Price-adjustment process

As an electricity market mechanism, it is important for a pay-
s-bid P2P energy trading system to confirm its price calculation
n the initial step of the price-adjustment process. As already
entioned, at a minimum, the selling and buying prices are
onfirmed before a transaction occurs. Determining the selling
nd buying prices is not straightforward. The bid prices should
epresent the actual sellers’ and buyers’ values, while the gen-
ration cost of renewable resources is considered zero, and not
ll customers understand their marginal willingness to pay. For
his, the work in An et al. (2020) determines the transaction price
ased on each customer’s electricity tariff with respect to their
onsumption level. As another reference, the trading prices can
lso be determined by calculating the levelized cost of energy
LCOE) for the energy price and the Ethereum blockchain costs
or the platform cost, as in Vieira and Zhang (2021b).

Given that pay-as-bid P2P energy trading is performed by an
perator, additional charges are required to maintain the mar-

et operation. The study in Heo et al. (2021) uses at least two

14444
additional costs to ensure market operation: a market platform
service charge and an NUC. A market platform service charge is
defined as an operator’s compensation for maintaining platform
and administration services. Details on how to determine the
market platform service charge are beyond the scope of this
study. Usually, an NUC is not considered if a transaction is per-
formed in a distribution network. The NUC can be included in
pay-as-bid P2P trading as a weighting factor in the form of a
ratio (Paudel et al., 2020). Other than being considered as a ratio,
a few studies acknowledge the NUC as either a fixed rate or a
volumetric rate (Brown and Faruqui, 2014).

2.3. Selection process

Following the price-adjustment process, the selection pro-
cess commences. In this phase, each market participant’s trading
price will be evaluated to decide whether the prosumers and
consumers are eligible to continue their participation in the pay-
as-bid P2P energy trading. Thus, if they can obtain benefit from
the market transactions, the energy resources and profit will
be allocated by the operators automatically. For this, there are
two optimization methods commonly used for pay-as-bid P2P
energy trading: linear programming (LP) (Mazzi et al., 2017) and
multi-integer linear programming (MILP) (Guerrero et al., 2018;
Jing et al., 2020b). Using an optimization method, the operator
constructs an offering strategy or matching schedule for the pro-
sumers and other market participants. The scheduling strategy
is constructed by reference to several elements: the bid selling
and buying prices, the platform costs, the NUCs or network loss
compensations, and the available transacted capacities from both
the prosumers and the consumers.

Generally, the optimization method will work as follows:
When trading in a pay-as-bid P2P energy trading market, pro-
sumers can only submit their selling price and expected gen-
eration offers, while consumers submit their buying prices and
consumption capacities. In the initial bidding stage, both pro-
sumers and consumers can manually withdraw from the auction
if they find that the offered price is not beneficial to them. Then,
the operator will compute and determine the optimal market
offer and possible pairing schedule. The selection process is
performed iteratively and continuously, as long as there is a pos-
sibility of a higher profit in other pairing combinations. Finally,
the selection process is stopped when the optimum profit has
been reached. For this, iteratively, the operator should consider
whether they have found the optimum profit, not only for the
market participants, but also for themselves, which requires the
least operation cost.

Fig. 1 presents the pay-as-bid P2P energy trading mechanism
framework. In the figure, the operator determines the amount of
transaction capacity and energy trading price for the prosumers
and consumers. In addition, by implementing NCA method, the
NUC will eventually affect the energy trading price as shown in
the graph at settlement stage. In this case, the appropriate NCA
methods for pay-as-bid P2P among Postage Stamp, MW Mile,
Bialek tracing, Kirschen tracing, EBE, and Z-bus NCA should be
selected. For this, the NCA methods and evaluation scenarios will
be explained further in the following sections’’.

3. NCA methodology

Network cost is currently the main method of compensating
a distribution network for electricity transmission to consumers.
In a conventional power system operation, the network cost is
considered as fixed; thus, the consumers can pay it as a propor-
tion of their electricity bill. In 2016, households’ network costs
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Fig. 1. Pay-as-bid P2P energy trading mechanism framework.
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n European countries represented, on average, 27% of their elec-
ricity bills (Schittekatte and Meeus, 2018). Furthermore, for the
hotovoltaic (PV) generation owners or prosumers, the network
ost is defined as a fixed volumetric cost, which is calculated
ased on the net-metered generation capacity for a certain pe-
iod (e.g., monthly). However, these network costs, which were
esigned for passive power systems, can no longer serve their
urpose in active ones.
To solve this problem, the NCA methods were studied to

istribute different NUCs among electricity customers. Each NCA
ethod required both upstream-looking and downstream-

ooking algorithms to calculate prosumers’ and consumers’ NUCs,
espectively. Additionally, according to the basis of allocation in
he cost computation, the various NCA methods can be catego-
ized into two types: non-power flow-based and power flow-
ased. By incorporating power flow analysis results into account,
he latter type is enabled to consider physical constraint. How-
ver, the non-power flow-based NCA methods may not be aware
f any physical limitation of the network. Further, the two types
re discussed in detail in the following subsections.

.1. Non-power flow-based NCA method

.1.1. Postage stamp
The postage stamp method allocates the NUC based on the

ower injected by each generator and consumed by each demand.
ccording to (Pan et al., 2000), the postage stamp method is
ndependent of the transmission distance, supply, and delivery
oint (or the loading on different transmission facilities) associ-
ted with a transaction. In this method, the total network usage
s defined as the summation of the network usages of all the
ines. The network usage of a line is obtained from the total
ower generation and consumption of each generator and load,
espectively, in each line.
14445
In the postage stamp method, the upstream-looking and
downstream-looking algorithms to allocate the NUC are con-
structed in similar equations. For this, initially, the line usage due
to each prosumer and consumer is calculated using the following
formula:

U i
l =

I∑
i=1

(
Pi∑n
i=1 Pi

)
× Ul, (1)

where U i
l is the usage of Line l due to either the prosumer or

consumer in Bus i. Pi represents the energy capacity of either
the prosumer or consumer in Bus i. Furthermore, the total NUC
allocated to each customer is calculated according to the usage
(U i

l ) and the rate cost (rl) of Line l. Thus, the total NUC allocated
o each customer can be calculated as follows:
i
l = rl · U i

l (2)

UCi =

L∑
l=1

C i
l , (3)

i
l is the NUC of Line l due to the usage of a customer at Bus i,
hile NUCi represents the total NUC allocated to each customer

at Bus i. According to the formulas above, all customers connected
to the grid are obliged to pay for the network usage of the
entire system. In this case, the main drawback of this method
is the cross subsidies between customers; thus, it is difficult to
distribute the NUC fairly using this method. On the one hand,
the advantages of this method are the simple calculation and
straightforward NUC results.

3.1.2. Contract path
Contract path is an NCA method whereby the customer agrees

on a fictitious path for the transmission service (Krause, 2003). As

with the postage stamp method, this method requires no power
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low calculation to allocate the NUC. In the method, a contract
ath interconnects the points of injection and receipt, although
t is defined without power flow studies. The contract path is
etermined with all, or a part of the transmission costs related
o the specified path assigned to the transaction. For this, the
etwork operator must know all the concluded contracts between
he producer and the consumer, to determine if there is additional
sage in the single transactions.
Specifically, the contract path is determined as follows. Under

he contract path methodology, a specific path is chosen for
n individual transmission transaction between two nodes. The
ontract path does not consider the actual power-flow lines that
ould occur. Eventually, it assumes that the tracks between the
wo nodes are constructed by several substations, regardless of
he branches (Cannella et al., 1996). After the contracted paths
re decided, the total transmission cost is calculated as the accu-
ulation of the network usage of each possible traveled path. A
hare of the asset costs, including the costs of new investment,
long the contract path is allocated to the wheeling customer in
roportion to their use. In the contract path method, the NUC
llocated to each customer is determined as

UCi =

(
L∑

l=1

Tl

)
∗

Pi∑I
i Pi

, (4)

where Tl is the transmission cost of the contracted path, l. The
contract path method is straightforward and has been used by
utility companies for a long time. It allows full cost recovery, as
long as all asset costs along the contract path are considered,
while it is easy to implement, with a stable pricing regime. How-
ever, similarly to the postage stamp, the methodology ignores the
actual operation of a system and any congestion issues. An energy
transaction will affect all the assets on a transmission system, and
not only those along the contract path. As pointed out by Federal
Energy Regulatory Commission (FERC), due to the laws of physics,
it is unlikely that the actual power flow will follow the contract
path (Hogan, 2019).

3.1.3. MW-mile
The MW-mile approach is an embedded cost method that

considers the changes in the MW of transmission-flow capacity
and transmission lengths in miles (Shirmohammadi et al., 1991).
This method has inspired the transformation of the operation of
power system markets, especially in defining a cost allocation
method that ensures fair charges between generators or loads
within a network (Shirmohammadi et al., 1989). A full recovery
of fixed transmission costs that reasonably reflects the actual
usage of a transmission system are guaranteed by this method.
Thus, this method allocates the NUC based on the usage of firm
transmission services by wheeling transactions.

The MW-mile method is also known as a line-by-line method
because it considers both transacted capacity changes and the
length of the transmission line in miles. In a non-power flow
MW-mile method, the contribution is calculated by considering
the length of the power line. If the length of the power line is
unknown, the NUC can be calculated using the formula

NUCi = TC ·

∑L
l=1 url · Γl · Pi∑I

i
∑L

l url · Γl · Pi
, (5)

where Γl represents the length of Line l, while url is the rate
cost per MW per unit length of Line l. Despite the inability
f this method to count network constraints, it has improved
he technical quality of the transmission service, especially in
aintaining easy regulation, continuity of charge, and economic
ignals for dimensioning. The MW-mile method can also be used
o calculate the transmission cost due to the transacted reactive
14446
power, which is commonly known as the extended version of the
MW-mile, or MVA-mile method. However, this method is difficult
to apply in the operation of modern power systems, owing to
the high penetration level of the distributed energy resources
(DERs) integrated into grids. This is because the method does not
consider the counter flow, which may occur when there is energy
supply from distributed generators.

3.2. Power flow-based NCA method

3.2.1. Bialek tracing method
Bialek’s tracing method allocates NUC based on the proportion

of inflows among nodal outflows (Bialek and Ziemianek, 2003). To
calculate the proportion of inflows, this method uses a topological
approach that represents how power flows in a network. In this
method, upstream-looking and downstream-looking algorithms
analyze how NUC is allocated to individual generators and loads,
respectively. The contribution of each generator towards each
load, and vice versa, can be calculated using this method.

The upstream-looking and downstream-looking methods are
calculated separately, although they use a similar algorithm. In
this study, the explanation of Bialek’s tracing method focuses
on the upstream-looking algorithm. In Bialek’s tracing method,
the main key to allocating NUC is to find a representation of
the topological distribution factors, which are represented by the
upstream distribution matrix. The upstream distribution matrix
represents the ratio between the absolute power flow towards
Bus i from Bus j

(⏐⏐Pj,i⏐⏐) and the total power injected to Bus i (pi),
which can be written as follows:

[Au]j,i =

⎧⎪⎪⎨⎪⎪⎩
1 ; i = j

−

⏐⏐Pj,i⏐⏐
pi

; j ∈ βu
i

0 ; otherwise

, (6)

where [Au]ji stands for upstream distribution matrix, while βu
i

s the set of buses that supply Bus i. Then, the NUC allocated
o each generator is determined by accumulating the generator’s
ontributions to all the line flows, which can be formulated as
ollows:

UCi = Pi ·
J∑

j=1

([
A−1
u

]
j,i

pj
· rj,i

)
. (7)

Based on the explanation above, this method has advantages
over the methods discussed before. This method can be used to
calculate both AC and DC power flow because it only consid-
ers the absolute value of the power flow; thus, it can also be
used to calculate the counter flows (Bialek and Kattuman, 2004).
However, because it only considers absolute values, it cannot
distinguish the contribution from the counter flow to a grid.
Furthermore, Lima et al. (2009b) show that the resulting NUC
from this method are highly volatile.

3.2.2. Kirschen tracing method
Kirschen’s tracing method determines individual generators’

contributions in supplying a load, based on the domain and
common concepts (Strbac et al., 1998). A domain refers to a set
of buses that are supplied by the same generator according to the
direction of power flow. To help identify the contribution of buses
that are supplied by multiple generators, the common concept
is used to classify contagious buses that are supplied by the
same generator. In this method, the commons are ranked; thus,
their connections to each other correspond to the direction of
power flow. Consequently, an equivalent network is constructed
to represent the actual grid.
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The equivalent network is then used in calculating each
generator’s contributions. Two contributions are considered to
calculate the NUC: the absolute and relative contributions. The
absolute contribution is the total flow injected to Common n
wing to Generator i (Ai,n). The relative contribution (Ri,n) is

defined as the ratio between Ai,n and the sum of flows at the
link to Common s. Initially, the flows at the link from Common
m to Common n (Fm,n) are calculated as the sum of the injected
ower flows to Common n, and are calculated from a power

flow analysis. Then, the absolute and relative contributions are
calculated from the highest-rank to the lowest-rank commons,
using the formula

Ai,n =

M∑
m

Ri,m · Fm,n (8)

Ri,n =
Ai,n∑M
m Fm,n

. (9)

The absolute and relative contributions are then calculated; Gen-
erator i’s NUC to the power flow in Line l (NUCi,l) is calculated
using the formula

NUCi =

L∑
l

(
Ri,n · Fl∑L

l
∑I

i Ri,n · Fl

)
· TC, (10)

here, Fl is the power flow at Line l. Despite Bialek’s con-
erns (Kirschen et al., 1997) that Kirschen’s tracing method yields
o unique results, due to the minimum mathematical evidence,
his method offers some advantages, such as unlimited to in-
remental changes in injections, and not requiring complex cal-
ulation, such as linearizing the network model; furthermore,
t can allocate different NUCs to customers located in different
ocations.

.2.3. Equivalent bilateral exchange
The principle of EBE for a single-area power system is enunci-

ted and justified as an alternative flow-based NCA approach that
voids some of the disadvantages of the other methods (Galiana
t al., 2003). The EBE method allocates NUC to the generators,
hile demands are based on the distribution factors. The distri-
ution factors are used to determine the approximate impact of
ach generator and load on the network. The distribution factor
s calculated using the formula

Di,j =
Pi · Pj∑J

j Pj
, (11)

here, GDi,j is the distribution factor owing to the supply from
Generator i to Load j. The EBE method uses actual power flow,
which is represented as the line flow distribution factor due the
supply from the generator at Bus i to the load at Bus j through
ine l (γi,j,l), as follows:

i,j,l = hT
l · δi,j (12)

here hT
l stands for the conductance matrix, while δi,j is the

phase-angles vector between Buses i and j. The EBE method
llocates NUC using the distribution factor based on both the
enerator and load ratio and the power flow supplied from the
enerator to the load. In the upstream-looking algorithm, the NUC
llocated to the generator is formulated as follows:

UCi =
1
2

·

∑L
l Cl ·

⏐⏐γi,j,l
⏐⏐ · GDi,j∑I

i
∑J

j

⏐⏐γi,j,l
⏐⏐ · GDi,j

(13)

Based on the elaboration above, this method allocates NUC by
onsidering the contribution of each generator and load owing to
oth generation or consumption capacity and the actual condition
14447
of the network. Additionally, the results in Zia et al. (2020) show
that the EBE method is capable of presenting relatively stable
NUC without neglecting counter flows. However, this method
ignores the customers’ physical distance, although it considers
the electrical distance that is represented in the conductance
matrix.

3.2.4. Z-bus NCA method
The Z-Bus NCA method considers a network’s physical pa-

rameters in allocating the contribution of generators or loads for
NUC calculation. The Z-bus method calculates the contributions
of nodal currents to line-power flow with respect to the use of
lines (Pouyafar et al., 2019). The contributions of generators and
loads are calculated based on the voltage and current of a node
based on its complex power flow. To calculate the NUC, initially,
the physical network parameter is calculated as follows:

ali,j =
(
zj,l − zi,l

)
yi→j + zi,jyshi→j (14)

where ali,j represents the physical network parameter between
Buses i and j through Line l. zj,l and zi,l are the impedances of
Line l with respect to Buses j and i, respectively. yi→j and yshi→j

are the admittance and shunt admittance between Bus i and
Bus j, respectively. The parameter, ali,j, measures the electrical
distance from Bus i to Line l. Furthermore, in the upstream-
looking algorithm, each generator’s contribution is determined
based on the current in a complex form that can be obtained
from the power-flow calculation. The power flow through Line
l due to the transaction between Generator i and Load j, and
each generator’s contribution are calculated using the following
formulas:

P l
i,j =

⏐⏐R{Vjal∗i,jI
∗

l }
⏐⏐ (15)

U l
i =

⏐⏐P l
i,j

⏐⏐+ ⏐⏐P l
j,i

⏐⏐
2

(16)

here, U l
i represents Generator i’s contribution to the power

flows in Line l. Vj is the voltage at Bus j, which is obtained from
the power-flow result. al∗i,j and I∗l are the conjugative form of ali,j
and current flows through Line l, respectively. After each gener-
ator’s contribution has been determined, the NUC is calculated
using the following formula:

NUCi =

L∑
l=1

Cl · U l
i (17)

Based on the explanation above, this method can be assumed
o be a physical-based method. Hence, the main disadvantage of
his method is experienced by independent operators, because
he grid specification data is considered confidential. Further-
ore, according (Conejo et al., 2007), the NUCs allocated between
enerators and loads are not equally distributed. However, this
ethod calculates NUC regardless of slack buses, accommodates
ounter flows, and has relatively low volatility in allocating NUC
mong buses (Lima et al., 2009b).

.3. Evaluation framework

In this subsection, an evaluation framework for the NCA meth-
ds in the pay-as-bid P2P energy trading market operation is
roposed. The evaluation framework is constructed by consid-
ring the elements and transaction mechanism of P2P energy
rading. Initially, the pay-as-bid P2P energy trading mechanism
as performed based on two elements: participant and trading
apacity. However, the network limitation should be considered
lso into the transaction mechanism to obtain optimal P2P en-
rgy trading results by maintaining network’s reliability. Hence,
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Fig. 2. Evaluation framework flowchart.
he network congestion status should be considered, and thus
ffecting the pay-as-bid P2P energy trading results to reduce
he congestion risk. Therefore, the evaluating scenarios for NCA
ethod should be able to emphasize the characteristics of each
ethod with respect to three aspects: the number of participants,
eneration capacity from renewables, and network congestion.
These aspects are discussed under the following considera-

ions. According to (Azim et al., 2020b), when many customers
articipate in a P2P energy trading network, it may lead to voltage
odes and additional losses in the distribution system. There-
ore, when determining network costs, these conditions, which
hreaten the sustainability of a network’s operations, should be
onsidered. In addition to the number of participants, the avail-
ble transacted capacity has a major impact on the results of the
election process in determining NUC. Against this background,
igh renewable generation has been found to be allocated with
igher NUC, unless it is located close to heavy loads (Noorfatima
t al., 2021). Furthermore, the benefit of the P2P energy trad-
ng application in the distribution network cannot be improved
nless compensation for network utilization is considered. For
xample, high-generation prosumers tend to induce high conges-
ion risk, which may cause additional charges in recovering the
etwork condition (Sioshansi, 2019).
Fig. 2 shows the flowchart of the evaluation framework, with

hree sets of scenarios; only one scenario can be evaluated at
time. As explained in Section 2, pay-as-bid P2P energy trad-

ng comprises two main operations: price adjustment and the
14448
selection process. According to the flowchart, price adjustment
focuses on determining the trading price based on the three
scenarios. Having adjusted the trading price, the selection process
commences. Initially, the selection process does not consider the
NUC. However, after the pairs of prosumers and consumers have
been selected, the NUC is calculated using all the NCA methods.
If an NCA method requires a power-flow calculation, then the
calculation is performed based on the results of the selection
process. Having calculated the NUC, all the participants’ profit is
accumulated, and evaluated using the optimization method, to
determine whether it is maximum. If the solution is not feasible,
then the selection process is repeated by reference to the NUC
results from the previous iteration.

4. Simulation: Evaluating P2P energy trading with various
NCA methods

In this section, the P2P energy trading with different NCA
methods is simulated under the IEEE 69-bus distribution test sys-
tem (Das, 2008). Thus, the proposed evaluation framework is per-
formed to determine which NCA method is the most compatible
with the P2P energy trading market operation.

4.1. Operator-oriented P2P energy trading

In the operator-oriented P2P model, the market participants
conduct transactions and share mutual profits through the trad-
ing platform (Heo et al., 2021). The objective of this model is to
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Fig. 3. Requirement diagram of the operator-oriented P2P model.
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ncourage distribution network customers to actively participate
n P2P energy trading by providing simple trading procedures.
or the pay-as-bid P2P energy trading, the operator-oriented P2P
odel is based on two main procedures: price-adjustment and

he selection process. The operator-oriented P2P model mecha-
ism is presented in more detail in the requirement diagram in
ig. 3.
In the pay-as-bid P2P energy trading, the operator-oriented

2P model determines both the prosumers’ and the consumers’
rading prices. According to the requirement diagram, the bidding
rices of prosumers’ and consumers’ bidding prices are derived
rom the electricity prices (λElec), which are the function of the
generation capacity and consumption capacity, respectively. Hav-
ing determined the bidding prices, the trading price is formulated
as the mid-price, which is written as follows:

λP2P
i,j =

λBid
i + λBid

j

2
(18)

here λP2P
i,j is the P2P trading price between prosumer i and

onsumer j. λBid
i and λBid

j represent prosumer i’s and consumer j’s
idding prices, respectively. The trading price is determined by
he operator beforehand, due to the absence of direct auction.

With the trading prices determined, the procedure continues
o the selection process, the aim of which is to obtain maximum
enefit for all the participants. For this, a matching algorithm is
tilized by considering the NUC. The matching algorithm uses
ILP to optimize the objective function and constraints, which
re formulated as follows:

F = max

⎧⎨⎩
I∑

i=1

J∑
j=1

[
xi,j ·

(
λP2P
i,j

(
1 − RSC)

− λNUC
i,j

)]⎫⎬⎭ (19)

J∑
j=1

xi,j ≤ Pi (20)

I∑
xi,j ≤ Pj (21)
i=1 s
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here xi,j represents the selected trading capacity between pro-
umer i and consumer j. RSC represents the service charge ratio,
hich is a platform usage fee determined by the market operator.

n this model, the operator decides whether the customer is
llowed to participate in the P2P market, based on the feasibility
f gaining a profit. In addition, the operator considers the selected
airs based on the optimum NUC allocation.

.2. Assumptions

The evaluation framework comprises three scenarios: the vari-
tion of the renewable penetration level, the variation of the
umber of participants, and the congestion condition. However,
o provide some illustration of how the network configuration
s constructed, a distribution network containing multiple pro-
umers with PV generation for the base-case P2P energy trading
peration is presented in Fig. 4.
The original test system provided neither the time-varying

oad nor the prosumer generations; therefore, the simulations are
erformed using the hourly consumption data obtained from Lee
t al. (2022). For diversity, different types of consumers and
rosumers are applied, including industrial, commercial, and res-
dential. Fig. 5 shows the normalized load patterns during a day,
hich are derived from the average load capacity of various types
f consumers.
For a more realistic simulation, the South Korean case was

hosen. The actual time-varying PV generation data for May 22,
020, were obtained from PVWatts (PV Watts Calculator, 2021).
ig. 6 shows the normalized PV generation profiles. It shows that
V generation occurs from 6 am to 8 pm, with peak generation
t 1 pm on a selected day.
Based on each type of electricity customer, the electricity price

s calculated using the block rate pricing (BRP) and time of use
TOU) mechanism (International Electric Tariff, 2021). In addition,
o determine the PV generation price, the South Korean hourly
ystem marginal price (SMP) data for May 22, 2020 were used, as

hown in Fig. 7 (System Marginal Price, 2021).
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Fig. 4. Simulation test case in IEEE 69-bus distribution system.
Fig. 5. Load profile of P2P participants in one day.

Fig. 6. Generation profile of various prosumer categories in one day.

.3. Case study

In this subsection, P2P energy trading with selected NCA
ethods was simulated for the three evaluation scenarios: vary-

ng the number of participants, capacity variation, and congestion
ariation. The simulations were performed using the operator-
riented P2P energy trading model using different NCA meth-
ds. In the original operator-oriented P2P energy trading model,
he pairs of prosumers and consumers are selected based on
14450
Fig. 7. SMP in a day.

a fixed network cost. For this, it is assumed that total com-
pensation for network usage is based on a volumetric network
tariff of 3.13 KRW/kWh (Network Usage Cost, 2021). However,
the contract path method is excluded from the comparison this
method’s NUC allocation is rarely performed unless the actual
path specifications are known.

4.3.1. Scenario 1: Variation of the number of participants
In this scenario, the number of participants is varied under

three conditions: the number of consumers exceeds the number
of prosumers, the number of consumers equals the number of
prosumers, and the number of prosumers exceeds the number
of consumers. For this, the total transaction capacity will be
maintained constant in all the cases. These simulations aim to
evaluate how each NCA method allocates the NUC in the different
scenarios.

Fig. 8 shows the matched transactions and NUC unit resulting
from each NCA method when the number of prosumers is less
than the number of consumers. For the postage stamp method, as
shown in Fig. 8(a), a constant NUC unit is obtained. For the MW-
mile and Bialek’s tracing methods, as shown in Fig. 8(b) and (c),
respectively, the NUC is allocated to the participants according
to the number of matched transactions. Different patterns are
obtained for the Kirschen tracing, EBE, and Z-Bus NCA methods, as
shown in Fig. 8(d)–(f), respectively. During the low PV-generation
period, the NUC allocated is higher than during the other times
during the transaction period. However, the Kirschen tracing
and Z-Bus NCA methods allocate significantly lower NUC during

higher PV generation.
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Fig. 8. Case 1: The number of consumers exceeds than the number of prosumers.
Fig. 9 presents the NUC and matched transaction results from
ll the NCA methods when the number of prosumers equals
hat of consumers. The postage stamp method produces similar
esults to the previous case, although the number of matched
ransactions is higher, as Fig. 9(a) shows. Regarding the MW-
ile and Bialek’s tracing methods, shown in Fig. 9(b) and (c),

espectively, the MW-mile method allocates lower NUC than the
revious results, while Bialek’s tracing method allocates higher
UC, along with a higher number of prosumers. Furthermore, the
14451
Kirschen tracing and Z-Bus NCA methods, as shown in Fig. 9(d)
and (f), respectively, present a similar pattern, with higher NUC
allocated to participants, along with higher matched capacities. In
contrast, the EBE method allocates similar NUC amounts to those
in the previous simulation, although the number of matched
transactions is higher.

Fig. 10(a) shows that the NUC allocation by the postage stamp
method remains unchanged, although the number of matched
transactions decreases. In this case, the method allocates the NUC
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Fig. 9. Case 2: The number of prosumers equal to the number of consumers.
units equally among all the participants in the various market
conditions. Although the MW-mile method is also categorized as
a non-power flow method, the NUC unit that results from this
method is different from that of the postage stamp method. As
shown in Fig. 10(b), the NUC allocated to the P2P participants
is reduced accordingly, while the number of matched transac-
tions declines, due to the difference in the number of prosumers
and consumers. Fig. 10(c) shows the results for Bialek’s tracing
14452
method in allocating the NUC, contrasted with the number of
matched transactions.

Different patterns are shown by the Kirschen, EBE, and Z-
Bus NCA methods. Fig. 10(d) shows the NUC allocation using the
Kirschen tracing method. The NUC unit allocation by the Kirschen
method shows a contrasting pattern with the previous NCA meth-
ods. As seen in the graphs, the Kirschen method allocates a higher
NUC unit when the number of matched transactions in the mar-
ket rises. However, similar patterns are shown by EBE method,
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Fig. 10. Case 3: The number of prosumers exceeds the number of consumers.
s Fig. 10(e) shows. However, in the EBE method, the difference
etween the highest and lowest NUC unit allocated within a day
s not drastic. In addition, the EBE method is capable of allocating
elatively stable NUCs compared with the previous simulations
esults. The Z-Bus NCA method allocates the least NUC unit for
he various scenarios with different numbers of participants, as
ig. 10(f) shows. Similarly, to the Kirschen method, the Z-Bus NCA
ethod allocates a higher NUC during the period of the lowest
atched transactions.
14453
Table 1 contains minimum, maximum, and range in percent-
age of NUC allocated by all NCA methods in various variation
of the number of participants scenarios. The range in percent-
age aims to show how significance the NUC may be distributed
throughout the trading time. According to the table, Postage
Stamp has the lowest range value, meanwhile Z-bus NCA method
has the highest variability. Low range value can be interpreted as
stable NUC allocation, and high range value means otherwise.
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Table 1
Scenario 1: Variation of the number participants results comparison.
No. Methods Scenario 1: Variation of the number of participants

nPro > nCon nPro = nCon nPro < nCon

min max Range min max Range min max Range

1 Postage stamp 1.565 1.565 0.00% 1.565 1.565 0.00% 1.565 1.565 0.00%
2 MW mile 1.593 2.904 45.10% 1.198 2.090 42.70% 2.672 5.101 47.60%
3 Bialek tracing 2.324 5.861 60.30% 1.555 4.179 62.80% 0.182 2.705 93.30%
4 Kirschen tracing 23.563 2 771.218 99.10% 3.206 177.968 98.20% 15.127 2008.621 99.20%
5 Equivalent bilateral exchange 3.551 8.949 60.30% 3.589 8.524 57.90% 4.781 8.994 46.80%
6 Z-bus NCA 62.423 11 201.359 99.40% 3.983 189.442 97.90% 52.513 8012.807 99.30%
4.3.2. Scenario 2: Transaction capacity variation
In the second scenario, the transaction capacity is varied un-

er three conditions: the buying capacity exceeds the selling
apacity, the selling and buying capacities are equal, and the
elling capacity exceeds the buying capacity. For this, the number
f participants (i.e., prosumers and consumers) is kept constant
etween the three transaction-capacity scenarios. Comparisons
f the matched capacity and NUC units under the various NCA
ethods are presented in Figs. 11 to 13.
Fig. 11(a) plots the matched capacity and NUC unit under the

ostage stamp method. As seen from the data, the matched ca-
acity pattern is similar to the PV generation pattern throughout
he day, while the NUC unit allocated is the same price across
ll transaction times. The plots in Fig. 11(b) and (c) show similar
atterns between the MW-mile and Bialek’s tracing methods,
ith a positive correlation between the NUC allocation and the
atched capacity. Interesting about the plots in Fig. 11(d) –
1(f) is that the NUC allocated is negatively correlated with the
atched capacities. In these cases, during the high PV-generation
eriod, the NUC unit is much lower than when the PV generation
s low. In addition, the Kirschen tracing and EBE methods allocate
he lowest NUC at 12 pm, while the Z-Bus NCA method allocates
he lowest NUC at 4 pm.

The results for the case of equal buying and selling capacities
re presented in the graphs below. As with the previous case, the
ostage stamp method presents the same NUC unit, although the
elling capacity is rising in Fig. 12(a). The MW-mile method, as
hown in Fig. 12(b), allocates the same NUC unit as the previ-
us result, although the matched capacity is rising. Meanwhile,
ig. 12(c) shows a positive correlation between the NUC unit and
he matched capacity under Bialek’s tracing method.

Furthermore, the Kirschen tracing and Z-Bus NCA methods,
hown in Fig. 12(d) and (f), respectively, produce similar patterns
o those in the previous case, with positive correlations between
he NUC unit and matched capacity. However, although the EBE
ethod produces a similar pattern as well, Fig. 12(e) shows that

he NUC unit remains unchanged compared with the previous
ase, despite the matched capacity rising.
For a comprehensive review, the buying and selling capacities

re varied once more, with the buying capacity raised higher than
he total selling capacity. In this case, Fig. 13(a) shows no increase
n the NUC unit under the postage stamp method, although the
atched capacity more than doubles. The results are similar
nder the MW-mile method, as Fig. 13(b) shows, where the NUC
nit remains the same as in the third case. Unexpectedly, the
UC unit under Bialek’s tracing method, as shown in Fig. 13(c),
oes not rise, compared to the previous case results. Furthermore,
ig. 13(d) shows an interesting result, where the NUC unit under
he Kirschen tracing method drops, especially during the lower
V-generation times, compared with the previous case. However,
he EBE and Z-Bus NCA methods show similar patterns, with the
UC unit unchanged compared with the previous case.
In Table 2, the NUC ranges resulted from all NCA methods at

hree transaction capacity scenarios are presented. According to
14454
the table, Z-bus NCA method allocates high variation of ranges in
three different scenarios. Meanwhile, the other methods allocate
relatively similar range among three scenarios. In addition, the
range in equal capacity of prosumers and consumers is the lowest
compared to the other two scenarios.

Based on the data and explanations above, interesting in-
ferences may be drawn: The postage stamp method tends to
produce a fixed NUC unit in all three cases, in contrast to the other
NCA methods. The MW-mile method also produces the same NUC
unit; however, the value depends on the available transaction
capacities. Interesting results are produced by Bialek’s tracing
method: its NUC unit shows a positive correlation with matched
capacity until the selling capacity exceeds the buying capacity.
Furthermore, the Kirschen tracing method shows a negative cor-
relation between the NUC unit and matched capacity. However,
when the selling capacity exceeds the buying capacity, the NUC
unit from the Kirschen tracing method drops slightly. Finally,
the EBE and Z-Bus NCA methods also show negative correlations
between the NUC unit and matched capacity, although the EBE
method allocates a relatively more stable NUC unit than the Z-Bus
NCA method.

4.3.3. Scenario 3: Congestion
In the third scenario, the operator-oriented P2P energy trading

with the various NCA methods is evaluated under the congestion
case. These simulations aim to establish how each NCA method
allocates each prosumer’s matched capacity under congestions,
which occur in Buses 27 and 65. Fig. 14 shows the correlation
between the allocated matched capacity and each bus’s voltage
magnitude. A bus with a voltage magnitude above 1.1 p.u. is
considered congested.

Fig. 14(a) shows the matching capacity allocated based on
the postage stamp method. The graph shows that the capacity is
allocated within the same values with respect to each prosumer’s
generation capacity. The same pattern is obtained for the matched
capacity results under the MW-mile method, as Fig. 14(b) shows.
What is striking about the graphs in Fig. 14(c) is that the matched
capacity allocated by Bialek’s tracing method to Bus 27 is lower
than that of other high-generation prosumers. This shows that
Bialek’s tracing method responds to the congestion that occurred
in Bus 27. Additionally, the Kirschen tracing method shows an
interesting result: the matched capacity for Bus 65 is the lowest
among the high-generation capacity prosumers.

Furthermore, Fig. 14(e) presents unique results compared to
the other NCA methods. The matched capacity for Bus 43 is
lower than that for the other high-generation capacity prosumers,
although the bus has a relatively low-voltage magnitude; thus,
no congestion occurred on this bus. Finally, the matched ca-
pacity under the Z-Bus NCA method is presented in Fig. 14(f).
From the graph, it can be seen that the method did not allo-
cate matching capacity differently among the high-generation
capacity prosumers, although congestion occurred.

In Table 3, range of NUC and total capacity of all NCA methods

are presented in terms of congestion scenario. According to the
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Fig. 11. Case 1: Available buying capacity exceeds selling capacity.
able, P2P energy trading with Z-bus NCA method matches the
owest transacted capacity, and accordingly, the NUC range is
he highest. Different treatment is presented by Kirschen tracing
ethod. Even though, it has the second highest NUC range, the
2P energy trading can still obtain the highest transacted capac-
ty compared to other NCA methods. Further explanation about
ransacted capacity result with respect to NUC in congestion
cenario will be given in the rest of this section
14455
Based on the data and explanations above, interesting con-
clusions may be drawn: Among the NCA methods, Bialek’s trac-
ing, the Kirschen tracing, and the EBE methods tend to allocate
different matched-transaction capacities to the participating pro-
sumers, based on their contributions to congestion on the grid. In
contrast, the postage stamp, MW-mile, and Z-Bus NCA methods
allocate similar capacities to all participating prosumers, and

ignore the fact that some of them create congestion due to their
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Fig. 12. Case 2: Available selling capacity equals buying capacity.
apacities. The capabilities of each NCA method will be further
iscussed in the following subsection.

.3.4. Discussion
In this study, the application of various NCA methods in pay-

s-bid P2P energy trading was evaluated under three scenarios.
he first scenario focused on demonstrating the influence of the
umber of participants on P2P energy trading results. In the
econd scenario, the transaction capacity was varied to observe its
14456
influence on the P2P energy trading results. In the last scenario,
the congestion scenario was simulated to evaluate the perfor-
mance of each NCA method in navigating market transactions
under congested network conditions. These scenarios and their
corresponding profits s are discussed in the following passages.

Regarding the number of participants, three conditions re-
sulted from applying the different NCA methods: fixed NUC out-
put, positive correlation with the number of participants, and
negative correlation with the number of participants. The fixed
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Fig. 13. Case 3: Available selling capacity exceeds buying capacity.
UC output has a positive implication for the market participants,
ecause they can easily estimate the total expenditure from using
he network. Furthermore, the positive correlation between the
umber of participants and the NUC will benefit the network
perator, because a higher number of participants will yield a
igher NUC, thus increasing the operator’s profit. In contrast,
he negative correlation between the NUC and the number of
14457
participants may be an interesting method to attract new par-
ticipants, given that the NUC will decline with a rising number
of participants. Additionally, a higher number of participants will
lead to a more efficient market, and thus a higher profit for the
system.

To provide additional details, the respective profits under the
scenarios are presented in Fig. 15. It is evident from the graph that
all the NCA methods, except the postage stamp method, allocate
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Fig. 14. Matched capacity allocation under the congestion scenario.
ignificantly different profits under the three participant-number
cenarios. The highest profit is obtained from the scenario in
hich the number of prosumers exceeds the number of con-
umers. If a significant difference in profits between the various
arket conditions is not preferred, it is advisable to use the
ostage stamp method; however, if the market aimed to attract
ore participants, then significant profit enhancement would be
referable, in which case, NCA methods such as the MW-mile,
ialek’s tracing, the Kirschen tracing, the EBE, and the Z-Bus
14458
NCA methods would be appropriate for a pay-as-bid P2P energy
trading market.

Regarding transaction capacity variation, three conditions of
the expected NUC resulted from the NCA methods: fixed NUC
output, positively correlation between the NUC unit and matched
capacity, and negative correlation between the NUC unit and
matched capacity. Under these conditions, the choice of NCA
method will depend on the objective of the market. For example,
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Fig. 14. (continued).
f the market aimed to maintain a network usage cost that ben-
fitted its participants, the fixed NUC output would be the pre-
erred option; however, if the market operator were concerned
bout maintaining network reliability in terms of transaction
apacity, then the positive correlation between the NUC unit and
atched capacity would be the appropriate charging method.
urthermore, the negative correlation between the NUC unit and
atched capacity could be used to promote the integration of

enewable energy in the distribution system.
14459
Fig. 16 presents the profit allocation under the three cases in
the study: buying capacity exceeds selling capacity, buying capac-
ity equals selling capacity, and selling capacity exceeds buying
capacity. There is no significant difference between the profits
resulting from all the NCA methods. Therefore, any NCA method
applied in the P2P energy trading will not drastically affect the
system’s benefits. However, depending on the system’s priorities,
applying an appropriate NCA method will improve its operation.
In terms of prioritizing market participants’ profit, the postage
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Table 2
Scenario 2: Transaction capacity variation comparison results.
No. Methods Scenario 2: Transaction capacity variation

pPro > pCon pPro = pCon pPro < pCon

min max Range min max Range min max Range

1 Postage stamp 1.565 1.565 0.00% 1.565 1.565 0.00% 1.565 1.565 0.00%
2 MW mile 2.202 4.06 45.80% 2.202 3.952 44.30% 2.203 3.975 44.60%
3 Bialek tracing 0.37957 5.42465 93.00% 0.4081 5.86067 93.00% 0.03294 1.9153 98.30%
4 Kirschen tracing 9.64937 119.53737 91.90% 23.55728 152.7445 84.60% 3.20589 177.96848 98.20%
5 Equivalent bilateral exchange 4.52425 8.67222 47.80% 3.54947 8.87847 60.00% 3.58889 8.52424 57.90%
6 Z-bus NCA 7.72915 191.98966 96.00% 62.40676 181.5248 65.60% 3.98311 189.44234 97.90%
Table 3
Scenario 3: Congestion comparison results.
No. Methods Scenario 3: Congestion

min max Range (%) Total capacity (kWh)

1 Postage stamp 1.57 1.57 0.0% 14,593
2 MW mile 2.68 4.70 42.9% 14,574
3 Bialek tracing 1.15 6.60 82.5% 14,314
4 Kirschen tracing 10.69 1 597.95 99.3% 14,742
5 Equivalent bilateral exchange 4.26 8.92 52.2% 14,081
6 Z-bus NCA 51.30 14 370.10 99.6% 13,992
Fig. 15. Profit allocation in the scenario with a varying number of participants.

Fig. 16. Profit allocation in the transaction-capacity variation scenario.

stamp method is the appropriate one, with a fixed NUC out-
put. Contrarily, when prioritizing network reliability, the MW-
mile and Bialek’s tracing methods are preferable. Furthermore,
when the concern is improving renewable energy integration, the
Kirschen tracing, EBE, and Z-Bus NCA methods are the appropri-
ate ones for the pay-as-bid P2P energy trading system.
14460
Fig. 17. Profit allocation in congestion scenario.

For a complete illustration of the effect of the various market
conditions on the network, the congestion aspect is considered.
In the case of congestion, the chosen NCA method should be able
to allocate different NUCs. Thus, a higher NUC should be allocated
to those participants who are responsible for congestion, while a
lower NUC should be allocated to those who alleviate it. Thus,
the congestion aspect affects the total profit allocation in the
market. To illustrate, Fig. 17 presents the total profit allocation
based on the congestion scenario. Four buses (27, 35, 43, and
65) are considered because they have the highest generation
capacity under the different network conditions. According to the
power-flow results, Buses 27 and 65 have congested the network.

According to the graph, the postage stamp and MW-mile
methods allocate the profit among all the buses equally. Bialek’s
method allocates the lowest profit to Buses 27 and 65, which
are known to cause congestion. Furthermore, the Kirschen tracing
method also allocates the lowest profits to Buses 27 and 65;
however, it allocates the lower profit to Bus 65 because the bus
is located farthest from the substation. The EBE method allocates
a high profit to Bus 35, and lower profits to Buses 27, 43, and 65.
Furthermore, the Z-Bus method allocates similar profits to Buses
35 and 65, and a lower profit to Buses 27 and 43. Therefore, in
terms of congestion, Bialek’s and the Kirschen tracing methods
are the most appropriate for the pay-as-bid P2P energy trading
market because both methods are capable of allocating lower
profits to buses that induce congestion.
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Table 4
Comparison of network cost allocation.
NCA method Varying number of

participants
Variation of transaction
capacity

Congestion scenario Mean Standard
deviation

Volatility
(%)

Postage
Stamp

No correlation No correlation No correlation 1.56 0.00 0.00

MW Mile Shows positive correlation Shows positive correlation No correlation 3.05 0.00 0.00

Bialek
tracing

Shows positive correlation Shows positive correlation Allocates lower capacity
to bus with congestion

1.32 0.30 22.60

Kirschen
tracing

Shows positive correlation;
NUC is significantly lower
during high available trading
capacity

Shows positive correlation;
NUC is significantly lower
during high available trading
capacity

Allocates lower capacity
to bus with congestion

3.16 2.30 72.82

EBE No correlation;
NUC is relatively lower
during high available trading
capacity

No correlation;
NUC is relatively lower
during high available trading
capacity

Allocates lower capacity
to non-congested bus

2.65 0.15 5.57

Z-bus NCA Shows positive correlation;
NUC is significantly lower
during high available trading
capacity

No correlation;
NUC is significantly lower
during high available trading
capacity

No correlation 8.40 1.90 22.62
Finally, the performance of all NCA methods can be concluded
s in Table 4. In the table, statistical elements: mean, standard de-
iation, and volatility evaluate how dispersed the NUC allocated
owards the participants of the P2P during all trading periods.
ccording to the table, Kirschen tracing has the highest standard
eviation, and thus its volatility value shows the highest among
ther methods. On the other hand, Postage Stamp and MW Mile
ave the lowest standard deviation and volatility. In this case,
irschen tracing is the most unstable NCA method in terms of
llocating NUC, while the Postage Stamp and MW Mile allocate
UC uniformly among all participants.
As a final remark, the most appropriate NCA method for the

ay-as-bid P2P energy trading system is the EBE method. Several
onsiderations support this choice. First, pay-as-bid P2P energy
rading aims to increase the number of participating customers.
or this, the NCA method should be able to allocate a cheaper
UC with an increasing number of market participants, with-
ut neglecting to provide proper compensation for the network
sage. Second, P2P energy trading as a whole was developed
o support the integration of renewable energy generation into
istribution systems through a market mechanism. Therefore,
he NCA method should be able to allocate a cheaper NUC with
ncreasing renewable energy integration. Third, the operation of a
ay-as-bid P2P energy trading system may disrupt network con-
itions and create additional expenditure. Thus, the NCA method
hould be able to allocate different NUCs, in the form of allocated
atching capacity and total profit. Last, the allocated NUC among
arket participants should be differentiated with respect to the
ontribution of prosumers and consumers towards network us-
ge. Hence, the NCA method should be able to differentiate the
alue of NUC within a reasonable range. The EBE method is
apable of achieving all these, although some improvements will
e necessary in the future.

. Conclusion and future work

In this study, a comparison of various NCA methods is pre-
ented to evaluate their performance in a pay-as-bid P2P energy
rading system. The implementation of a pay-as-bid P2P energy
rading market disrupts a distribution system and reduces the
tility company’s potential income. Furthermore, the compensa-
ion for network usage due to the operation of a pay-as-bid P2P
nergy market has not been investigated in the literature. Ap-
ropriate allocation of NUC among pay-as-bid P2P energy trading
articipants increases market efficiency. Thus far, two categories
14461
of NCA methods, non-power flow-based and power flow-based
ones, have been evaluated to determine the more appropriate one
to achieve desired results.

Hence, the evaluation framework to evaluate the NCA meth-
ods was constructed based on the elements of pay-as-bid P2P
energy trading. In accordance with the mechanism of the NCA
methods in distributing the NUC, which influences the selec-
tion process of the pay-as-bid P2P energy trading system, three
elements were considered in constructing the evaluation frame-
work: the number of participants, available transacted capac-
ity, and network condition, proxied by congestion. Furthermore,
to perform the evaluation framework, the various scenarios in-
volving each element were simulated under the IEEE 69-bus
distribution system.

Compared with the original operator-oriented P2P model re-
sults for the pay-as-bid P2P energy trading system, the matched
capacity was allocated differently when the selection mechanism
employed the power flow-based NCA methods. Through the pro-
posed evaluation framework, the EBE method was recognized
as the most appropriate for the pay-as-bid P2P energy trading
system. More specifically, the EBE method is capable of allocat-
ing relatively fair NUCs consistent with the market situations
based on a variable number of market participants. Furthermore,
the EBE method is capable of consistently satisfying the market
constraint of maximal load. In addition, under the congestion
scenario, the EBE method was capable of apportioning the profit
between the buses without violating the market constraint of
maximal generation utilization.

Although the EBE method may be the most appropriate NCA
method for pay-as-bid P2P energy trading, it requires additional
improvements. Future studies should refine the EBE method to
fully accommodate pay-as-bid P2P energy trading under various
market conditions, such as how to allocate different matched
capacities not only for prosumers or consumers but also energy
storage owners in order to prevent congestions. In addition, the
current EBE method allocates NUC based on aggregated loads and
generations in each bus. Given that the pay-as-bid P2P energy
trading system allows direct transactions between peers, it is
important to develop an NCA method that can allocate NUC
to individual loads and generators to improve the P2P market
operations. In the next research, various NCA methods will be
reviewed according to their performances as being applied on the
uniform pricing auction-based P2P energy trading.
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