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Calculation Model and Allocation Strategy of
Network Usage Charge for Peer-to-peer and
Community-based Energy Transaction Market

Dong Han, Lei Wu, Xijun Ren, and Shiwei Xia

Abstract—The emergence of prosumers in distribution sys-
tems has enabled competitive electricity markets to transition
from traditional hierarchical structures to more decentralized
models such as peer-to-peer (P2P) and community-based (CB)
energy transaction markets. However, the network usage
charge (NUC) that prosumers pay to the electric power utility
for network services is not adjusted to suit these energy transac-
tions, which causes a reduction in revenue streams of the utility.
In this study, we propose an NUC calculation method for P2P
and CB transactions to address holistically economic and techni-
cal issues in transactive energy markets and distribution system
operations, respectively. Based on the Nash bargaining (NB) the-
ory, we formulate an NB problem for P2P and CB transactions
to solve the conflicts of interest among prosumers, where the
problem is further decomposed into two convex subproblems of
social welfare maximization and payment bargaining. We then
build the NUC calculation model by coupling the NB model
and AC optimal power flow model. We also employ the Shapley
value to allocate the NUC to consumers fairly for the NUC
model of CB transactions. Finally, numerical studies on IEEE
15-bus and 123-bus distribution systems demonstrate the effec-
tiveness of the proposed NUC calculation method for P2P and
CB transactions.

Index Terms—Electricity market, network usage charge, dis-
tribution locational marginal prices, Shapley value, Nash bar-
gaining, transactive energy, peer-to-peer transaction, communi-
ty-based transaction.

1. INTRODUCTION

N recent years, with the gradual maturity of renewable en-
ergy generation technologies and continual reduction in in-
stallation costs, prosumers with small-scale distributed gener-
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ation in distribution energy networks play an increasingly
critical role in transactive energy markets [1]. Emerging pro-
sumers change the generation structure of power grids, im-
posing technical challenges on the operation mechanism and
market transaction model of distribution systems. In addi-
tion, the self-interest transaction behaviors of prosumers in-
crease the operation and maintenance burdens of the distribu-
tion network, forcing the electric power utility to increase
network investment and expand network line capacity. These
challenges can be overcome by using the network usage
charge (NUC) through efficient price signals that maintain
the stable operation of the distribution system and assist in
recovering the costs of network operation and maintenance
[2]. Therefore, the design of an appropriate NUC for prosum-
ers and electric power utilities is a critical topic given the di-
versity of energy trading markets.

Currently, the common methods used to determine the
NUC include: (D the postage stamp method [3], which is
based on the quantity of transmitted energy; (@ the contract
path method [4], which subjectively limits the power flow di-
rection; and 3 the MW-km method [5], which is based on
the power flow distribution of the power grid. However,
when the NUC is calculated using these methods, effectively
reflecting the utilization of grid assets by users becomes dif-
ficult. To address this problem, an active power-flow track-
ing method that can accurately analyze the power-flow distri-
bution of users is proposed [6]. However, these NUC calcula-
tion methods are generally only applicable to transmission
networks with unidirectional power flow and a single-market
operation model. Thus, limitations remain in terms of calcu-
lating the NUC for active distribution networks with bidirec-
tional power flows. Currently, NUC designs for active distri-
bution networks can be divided into: (D a unique cost alloca-
tion method; @ an electrical distance method; 3 dynamic
energy prices; and @ distribution locational marginal prices
(DLMPs).

The NUC design based on a unique cost allocation meth-
od requires prosumers to share the incurred costs equally or
proportionally. In [7], the NUC indicates the implementation
of energy policies for each prosumer in the peer-to-peer
(P2P) market, which is used to build an optimization prob-
lem. This problem does not change the decision as a con-
stant term in the objective function. In addition, two network
charge mechanisms, namely, volumetric network and peak-
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coincident capacity network charges, are proposed [8] that
can integrate distributed photovoltaic and battery systems
more efficiently in the wholesale market. To compensate for
the operational costs of the distribution system operator
(DSO) during P2P transactions, the NUC is introduced into
the model and considered as a variable [9], [10]. Reference
[11] proposes that the NUC should be allocated to consum-
ers while considering the difference between transmission
and distribution prices, and the NUC is free when the trans-
actions are matched under the same voltage. Further analysis
of the NUC is provided in [12] and [13], where the NUC
for the P2P transaction is calculated by multiplying the elec-
trical distances between producers and consumers based on
the NUC (p.u.) electrical distance; and the latter is deter-
mined subjectively by the network owner while considering
network construction and maintenance costs, taxes, policies,
etc. However, these NUC designs based on the unique cost
allocation method and electrical distance method are mainly
in the form of static uniform pricing. This means that achiev-
ing a balance of interests among multiple parties such as dis-
tributed generation, electric power utility, and customers is
difficult.

As a solution, dynamic energy pricing and DLMP meth-
ods with dynamic characteristics have been introduced to cal-
culate the NUC to balance and maximize the interests of
multiple parties. Time-of-use (ToU) tariffs with dynamic
change characteristics are considered in the NUC as an effi-
cient pricing mechanism to improve social welfare and facili-
tate energy utilization. In [14] and [15], the energy transfer
cost associated with shifted demand based on ToU is pro-
posed, which benefits the performance of the entire system
by formulating consumer behaviors. Similarly, in [16] and
[17], the NUC also includes a fee based on the peak demand
on the customer side, and consumers indirectly reduce the
payment of the NUC by changing their demand schedules
under the incentive of a dynamic pricing mechanism. Due to
the large temporal granularity and lack of spatial characteris-
tics, the NUC based on dynamic energy prices, e.g., ToU
rates, cannot completely capture the operational characteris-
tics of distribution systems. To increase the spatiotemporal
granularity of tariffs, [18] introduces DLMPs that capture
the characteristics of the distribution network and dynamical-
ly change the demand schedules using an effective price sig-
nal. In [19], the NUC design based on the DLMP approach
is used to encourage P2P transactions that improve the per-
formance of the distribution system and generate additional
revenue to offset the reduction in revenue stream for electric
power utilities caused by large rollouts of distributed energy
resources. Reference [20] further proposes that the NUC for
P2P trading is composed of costs associated with network
congestion, loss, and modernization of network infrastruc-
tures, which are calculated by DLMPs and the Thevenin im-
pedance.

The aforementioned NUC calculation methods mostly fo-
cus on the design of the pricing mechanism, which is not on-
ly related to pricing but also to the quantity of transactive en-
ergy transmitted over the network. The energy management

problem for P2P transactions is viewed as a Nash bargaining
(NB) game in which the agents mutually negotiate to
achieve fair profit allocation [21], [22]. In [23], an incentive
mechanism based on NB is designed to encourage proactive
energy trading among interconnected microgrids, which real-
izes benefit-sharing without considering system network
loss. Instead, in [24], a distributed P2P transaction between
load aggregators and microgrid operators is formulated as an
NB problem that considers network loss to achieve the opti-
mal trading volume of electricity and payment. However, en-
suring that P2P transactions comply with the operational con-
straints of the distribution network is critical, which is not
considered in the aforementioned research. In [25], a securi-
ty-constrained decentralized P2P transactive energy trading
framework is proposed, where the P2P energy transaction
model is established based on the NB theory to acquire the
optimal quantity and price of energy.

To these ends, this paper proposes a calculation method
for the distribution of NUCs for P2P and community-based
(CB) market structures, which allocates the NUC efficiently
to consumers while considering the operational characteris-
tics of the distribution network in the context of the prosum-
er era. The design of the NUC considers the effects of both
the energy pricing mechanism based on the DLMP method
and the transaction behavior of users based on NB theory in
the transactive energy market. First, based on NB theory, we
formulate the NB problem for P2P and CB transactions and
then decompose the problem into two convex subproblems:
the social welfare maximization problem (P1 and S1) and
the payment bargaining problem (P2 and S2), which can de-
termine the optimal transaction quantity and price. Second,
the NUC calculation model is constructed by coupling the
NB model and AC optimal power flow (OPF) model, in
which the DLMPs are composed of the dual multipliers in
the AC OPF model. In addition, the Shapley value is em-
ployed to allocate the NUC to consumers fairly for the NUC
model of CB transactions. In the simulation, the NUC, wel-
fare, and network operational characteristics of P2P and CB
transactions are compared. The main contributions of this
study are as follows.

1) Compared with the existing NUC models, a holistic
NUC calculation model is built for the trading optimization
scheduling problems of P2P and CB for prosumers. The
NUC pricing method and optimal trading scheduling are in-
novatively incorporated into the NUC analytic framework,
which has not been previously studied.

2) The energy trading problem in the transactive energy
market is formulated based on NB theory, which captures
the transaction behavior of prosumers and improves their mu-
tual benefits. The formulated non-convex bargaining prob-
lem is decomposed into the two convex subproblems of so-
cial welfare maximization and payment bargaining.

3) A cooperative NUC allocation strategy is proposed for
CB trading of prosumers based on the Shapley value. Com-
pared with the NUC of P2P trading, which is derived from
the differences among DLMPs, the NUC of CB trading is
fairly allocated to consumers based on the marginal contribu-
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tion of the coalition, which is obtained from the Shapley val-
ue.

The remainder of this paper is organized as follows. Sec-
tion II presents the energy trading model in energy transac-
tion markets. The NUC model is discussed in Section III.
The case study is presented in Section IV. Conclusions are
given in Section V.

II. ENERGY TRADING MODEL IN ENERGY TRANSACTION
MARKETS

A. Overview of Prosumer Market Structures

Different prosumer markets in the prosumer era are pro-
posed in [1], and Fig. 1 shows the structural attributes of
P2P and CB markets. In addition, at the distribution level,
the DSO is responsible for scheduling energy distribution
and maintaining safe and reliable operation of the distribu-
tion network. The transactive energy trading framework in a
distribution system is shown in Fig. 2. In the P2P market,
prosumers can make decisions independently and communi-
cate with each other to determine the prices and quantities
of energy transactions [26], [27]. In the CB market, the trans-
actions of prosuming services are coordinated by the commu-
nity manager (CM) [28], where many prosumers in the com-
munity provide the feedback to the CM on their trading pref-
erences, and the CM matches energy transactions.

Trading
with grid

P2P trading
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(@) (b)
O Prosumer; @ Community manager; —— Transaction
:‘ Community
Fig. 1. Structural attributes of P2P and CB markets. (a) P2P market. (b)
CB market.

The P2P market is more scalable due to the lack of a cen-
tral coordinator required for the negotiation process. Howev-
er, in a transactive energy market with many prosumers, the
P2P transaction model generates a heavy computational bur-
den because each prosumer must interact both directly and
simultaneously. Compared with the P2P market, the CB mar-
ket can form an independent community based on the prefer-
ences of prosumers, e.g., trading with other closest prosum-
ers, which can effectively improve the operational efficiency
of systems and reduce the computational burden. However,
the CB market generally does not have good scalability.
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B. Energy Trading Model Without Game Behaviors

We assume that the energy declarations of all participants
for P2P and CB transactions meet the minimum entry re-
quirements for market transactions to avoid wasting resourc-
es and all participants can benefit from the P2P and CB mar-
kets. For modeling convenience, each prosumer in the trans-
active energy market is defined as a producer with the index
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Transactive energy trading framework in a distribution system. (a) P2P market. (b) CB market.

ieQ, or a consumer with the index jeQ, where Q 4
{1,2,...,np}, Q.A1{1,2,..,n,} and n, and n, are the numbers
of producers and consumers, respectively. The set of prosum-
ersis Q=0 UQ and Q,NQ2, =2.

Energy is traded in a P2P market consisting of n, produc-
ers and n, consumers. Bilateral transactions between produc-
ers and consumers can be described by the supply and de-
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mand matrix D given in (1). Each decision variable p,, of ma-
trix D represents the energy supply of producer i to consum-
er j or the energy demand of consumer j from producer i.

Pu P Pin,
Do p.21 p.zz p?nL 0
pnp] pn”2 pnpn(
The total demand of consumer j is expressed as:
d;= 2 Pi )
ieQ,
Similarly, the total supply of producer i is:
&= 2 P 3)

jee,
The energy transaction in the P2P market is modeled as:
max 0= Y U;(d)~ D C,(g))

jeQ, ieQ, (4)
8= zpij VieQ, 6)
jeQ.
d= z p; Ve, (6)
ieQ,
G, <g, <G, VieQ, (7
stdjsD VjeQ, (8)

where U, and C; are the utility function of consumer ;j and
cost function of producer i, respectively; 5" ={g,.d,.p,>0}
is the set of decision variables; G, and G, are the lower and

upper limits of energy supply for producer i, respectively;
and D, and D; are the lower and upper limits of energy de-

mand for consumer j, respectively. The model objective func-
tion in (4) is the social welfare maximization for all prosum-
ers. If the energy demand of the consumer is inelastic, the
objective function is equivalent to minimizing the cost of the
producer. In this study, the cost function is set as a general
linear function. Constraints (5) and (6) indicate the total en-
ergy sold by producer i and purchased by consumer j in the
P2P market, respectively. Constraints (7) and (8) represent
the limits of the energy that can be sold by producer i and
purchased from consumer j, respectively. Constraint (9) sets
the energy offered by producer i to consumer j as a non-neg-
ative value.

Inspired by the method of decomposition and coordina-
tion, producers and consumers in the CB market can choose
to participate in energy transactions within or outside the
community according to their preferences, and thus the
scope of communities is divided. By matching energy trans-
actions based on the transaction preferences of producers
and consumers, the CM submits the matching information to
the DSO, which completes the energy dispatch and clears
the CB market. The CM can be considered a nonprofit local
data-sharing center or a small-scale aggregator [29]. The en-
ergy transaction in the CB market is modeled as follows and
the community is indexed by meM and the set of M2
{1,2,...,n,}.

max O”: = D> D U@y By ~
= meMjEQ'L"
Cmi(gmi’ em i amj) - Hm(eizlnp’ efrfp)
mZ‘M i g;;y ' ’ ’ ) mZ‘M ( 1 O)
gm,i:em.i+am.i V(m, Z)E(M,Q;n) (11)
d,;=e,+pB,; V(m, jeM,Q") (12)
igmami:ezfp vm € M (13)
zﬂmyj:eﬁ;"” VmeM (14)
jeqQr
€, = e,; VmeM
zﬂ ’ /zo ’ (15)
dm = gmi
mZM jggli“ N sz i;g‘;’ ’ (16)
QmﬂisgmiSGm,i V(m’ Z)E(M,.QZI) (17)
Qm,jgdm(jSDm,j V(m,J)E(M,Q:”) (18)

where Q7' and Q' are the sets of producers and consumers
in community m, respectively; £“={g, .d, .e, e, .0

mj» €m,i> Cmj» Tmi»
B,.;20} is the set of decision variables; U, ; and C, ; are the
utility function of producer j and cost function of consumer i
in community m, respectively; H,, is the transaction function
of CM in community m; e, ; and a,; are the energy sold by
producer i of community m to consumers in community m
and other communities, respectively; e, ; and 8, ; are the en-
ergy purchased by consumer j of community m from produc-
ers in community m and other communities, respectively;
and e”” and e°” are the import and export energy of commu-
nity m, respectively. The objective function of the CB mar-
ket is the social welfare maximization in (10). Constraint
(11) represents the energy offered by producer i of communi-
ty m. Constraint (12) represents the energy demanded by
consumer j of community m. Constraints (13) and (14) repre-
sent the energy transactions handled centrally by the CM
among the communities. For each producer and consumer,
we consider the energy balance in community m and CB
market of (15) and (16). Constraints (17) and (18) represent
the limits of the energy that can be sold by producer i and
purchased from consumer j in community m, respectively.

For the CB model, the utility function of consumer ; in
community m is given by:

Um,j (dm.,j’ em.j’ ﬁm] ): Km.,jdm,j - (ycom em,j + yimpﬂm,j ) (19)

where the constant «,,; is the satisfaction parameter of con-
sumer j, which indicates the utilization value of the energy
demand; and y,,, and y,,, are the favorable transaction costs
for internal energy transactions and the additional penalty
factor for external energy trading, respectively, which can ef-
fectively encourage energy transactions within the communi-
ty.

The cost function of producer i in community m with ener-
gy trading is defined as:

Cm,i (gm,i’ em,i7 am,i ): nm,igm.i + ycom em.i + yexpam,i (20)

where 7,,; is the generation cost of producer i in community

m,i

mj
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m; and y,, is the additional penalization for producers,
which reflects the will of producer i to improve community
autonomy in the context of the CB market.

In the negotiation process for CM, the focus of the CB
market operation is to achieve a common agreement on pro-
sumer preferences in matching energy inside and outside the
community. We address the critical role of CM and define
H,, as the transaction function, which represents the cost for
community m to conduct a common agreement with other
communities. The transaction function of the CM in commu-
nity m is given by [30]:

imp expy_ imp exp
Hm (e ’ em )_yimpe +ygxpem (21)

m m

C. NB Based on Energy Trading Model

Prosumer transactions in the transactive energy market
have self-interest properties. These include the cases in
which prosumers in the P2P market share energy transac-
tions with the aim of maximizing individual benefits, and
prosumers in the CB market rely on transaction preferences
to divide communities based on transactions to maximize in-
dividual satisfaction and enhance transaction value. We as-
sume that prosumers who trade in the transactive energy
market are independent and rational. As independent rational
individuals, each prosumer expects to achieve a consensus
through negotiation and seeks a balanced strategy to maxi-
mize their benefits; otherwise, a disagreement is the result.
Reference [31] analytically modeled this bargaining process
and uniquely identified a bargaining solution called the NB
solution (NBS) that can accommodate both individual and
collective interests. The NBS is formulated by solving the
following optimization problem:

maxH(Fk—Ff)

kekK

(22)

S.t.

F,>F} (23)
where K is the set of negotiators; and F, and F are the ben-
efits of negotiator £ before and after the bargaining process,
respectively. Constraint (23) indicates that the benefits of ne-
gotiator k£ in bargaining transactions are enhanced.

Previous studies have considered the application of NBS
in market-clearing models of P2P and CB markets [32],
[33]. In bargaining transactions, the operational benefits for
each producer i and consumer j also must consider mutual
energy exchange payments. The energy exchange payments
of producers and consumers in a P2P market are given by
(24) and (25), respectively.

Gi(pij)z 2 a;pi

4 (24)
Gi(py)=- E%Pif (25)
ie.(lp

where a; is the transaction price for producer i and consum-
erj.
The formulation of our proposed energy trading problem
based on NB in the P2P market is given as:
max [[W+6,-0) [[€+G,~C)

jeQ, ieQ,

(26)

S.t.
-0 (27)
2 G+ 2,G=0 (28)
ieQ, jeQ,
- d.=0
,-;,,g’ jz@ . (29)
U+G-Uz20 VjeQ, (30)
C+G-C20 VieQ, €2y

The objective function (26) corresponds to the welfare im-
provement of producer i and consumer ;. Constraint (27)
summarizes the local energy-scheduling constraints for each
prosumer in the P2P market. Constraints (28) and (29) de-
note the balance of energy payments and the balance of the
quantity of energy transactions, respectively. Constraints (30)
and (31) correspond to (23), which indicates that prosumers
increase their benefits through bargaining transactions.

The NB model in (26)-(31) for P2P transactions is a non-
convex optimization problem that is difficult to solve direct-
ly. To address this issue, the solution of model in (26)-(31)
is decomposed into two convex subproblems P1 and P2 as
follows. The detailed proof is presented in [33]. The first
subproblem, P1, determines the optimal quantity of energy
by solving a social welfare maximization problem, and the
second subproblem, P2, determines the optimal price of ener-
gy for bargaining transactions by solving a payment bargain-
ing problem.

1) P1: social welfare maximization problem

max 0™:= U= >.C,

jeQ, ieQ, (32)
s.t.
(27) and (29) (33)
2) P2: payment bargaining problem
. max H([]j*+G/_ﬁ/*)H(éi*+Gi_Ci*) (34)
Wi s D@00 je O ieQ,
s.t.
(28), (30), and (31) (3%5)
pi=p; V@.)eR,.Q,) (36)

where U/, C/, and p; are the optimal solutions for P1; and
Uj* and C " are the disagreement points obtained from optimi-
zation model given in (4)-(9).

Similarly, in a CB market with bargaining transactions,
the energy exchange payments for producer and consumer
are given by (37) and (38), respectively. Note that the bar-
gaining transactions between producers and consumers are
handled centrally by CMs, and CMs in different communi-
ties can also trade the energy with each other.

Zm‘i(em,i’ am,i)z(pm,iem,i+Cm,ian1.i (37)

Z,1j @ 0y )= O €0yt X P (38)
where ¢, ; and (, ; are the transaction prices of producer i in-
side and outside community m through bargaining transac-
tions, respectively; and J,,; and y,, ; are the transaction prices
of producer j inside and outside community m through bar-
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gaining transactions, respectively.
The mathematical model of the proposed energy-trading
problem based on NB in the CB market is given as:

H}E}BX H (Um/ - Zm,j - %mpﬁm‘j - ljm,j )

- meM,jeQ
H (ém,i + Zm,i - yexpam,i - Cm,i ) (39)

meM,ie Q,’f

S.t.
(ID-18) (40)
Zm i Zm = 0

mgM iEEQ‘;’ ' mgM ' Ezgg‘:" ! (4 1)
Um./ - Zm,_/' - yimpﬁm,/ - Um.j 2 0 V(m’])e (M ‘Q'cn ) (42)
C~‘m,i+ Zm,i - yexpam,i - Cm,i Z 0 V(m, l)E(M Q;: ) (43)

The objective function (39) corresponds to the increment
in welfare for all bargaining transactions. Constraint (40) is
the energy scheduling for prosumers in a CB market, and
constraint (41) denotes the payment balance for bargaining
transactions among prosumers. Constraints (42) and (43) in-
dicate that the benefits to consumers and prosumers, respec-
tively, are improved by bargaining.

We equivalently transform bargaining model (39)-(43) into
two easily solvable convex subproblems, namely, social wel-
fare maximization subproblem S1 and payment bargaining
subproblem S2. The solution to the original NB model (39)-
(43) can be determined by successively solving S1 and S2.

1) S1: social welfare maximization problem

max O = z z (Um,j _yimpﬂm,j)_ 2 z (Cm,i +yexpam,i)

=CB

mEM/G-Qi” mEM,‘gQ/’j
s.t. (40)
(44)
2) S2: payment bargaining problem
mle H (Ur:,j - Zm.j - yimpﬁ;:zﬁj - Ur:,j ) :
meM.jeQ!
H (éi:,i+Zm,i_yexpa;¢i_Cr:u') (45)
meM,ieQ)
s.t.
(4D-(43) (46)
€,;=e,; V(mi)e Q) (47)
€, =e,; V(mj)eM Q) (48)

where 4=1{¢,,;,(,, 0,,.X.,} 1s the set of decision variables;

Uy Cn» and {a, . B, e, e, } are the optimal solutions
of S1; and U, and C,; are the disagreement points ob-

tained from the optimization model given in (10)-(18).

III. NUC MODEL

The optimal energy transactions for the P2P and CB mar-
kets presented in Section II have no guarantee that their re-
sults will satisfy the operational constraints of distribution
network, which may otherwise cause line congestion, volt-
age instability, and power quality degradation. To alleviate
these problems, the NUC that links the energy bargaining

transactions for P2P and CB markets to the secure operating
conditions of the distribution network must be analyzed. The
following four subsections present the modeling mechanism
of NUC and the modeling process when NUC is used to co-
ordinate transactive energy market transactions with energy
dispatch in the distribution network. We formulate the
DLMPs as a general function of the dual multipliers of the
AC OPF to capture resource scarcity, and we use the
DLMPs to derive the NUC to incentivize or penalize the
transaction behaviors of the prosumer. Considering the trans-
ferability of DLMPs, the NUC is calculated by coupling the
AC OPF model and the energy transaction model of transac-
tive energy markets and is allocated using the Shapley value
for CB transactions. Note that the objective of the NUC
model is not to minimize the NUC, which is based on post-
processing.

A. Branch Flow Model

Consider a radial distribution network (N, L), where node
set N consists of substation node {0} and other nodes N*=
L={1,2,...,|N]}, and each node (indexed as n) in N* contains
a parent node 4, and a set of child nodes C,. The branch
flow model of the radial distribution is given as [34]:

> Cipo— D Cept

max 0" =

= neN* neN (49)
L= 3 U= UR)-PEp G =0 YneN® (50,
(e, ) 1= kzc(ﬁcq_lka)_qi-i_q;‘-’—ann:O VneN” (51)
) (XY +(f Sy Vnel (52)
(’7; ):( ﬂ})_lﬂRﬂ )2+( ﬂq_lﬂXﬂ )ZSSHZ vn E L (53)
V”—Z(Rm np—"_)(n.f;rq)-i_ln (Ri +‘Xvnz):VA” Vnel (54)
P \2 g \2
% <v, Vnel (55)
<v,<P, WneN (56)
PE<pS<P¢ VneN (57)
P <pi<P. VneN (58)
0°<q;<Q; VneN (59)
0°<q,<0Q, VneN (60)

where EP={f7 4 p% p,1,v,} represents the set of deci-
sion variables; the constants C;; and C? indicate the marginal
cost of generators and the marginal benefit of consumers, re-
spectively; p? and p¢ are the active power generation and
consumption, respectively; /, and v, are the current and volt-
age magnitudes squared, respectively; f” and f,/ are the ac-
tive and reactive power, respectively; G, and B, are the con-
ductance and susceptance, respectively; S, is the complex
power flow limit; and R, and X, are the resistance and reac-
tance, respectively. The objective of the model in (49) is to
maximize social welfare. Constraints (50) and (51) denote
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the active and reactive power balances of each node, respec-
tively. Constraints (52) and (53) correspond to the complex
power flow constraints of each line. Constraint (54) corre-
sponds to a relaxation of the power flow equations and is de-
rived in [35]. Constraint (55) is a second-order cone con-
straint. Constraints (56) - (60) impose a limit on the corre-
sponding decision variables.

The dual multipliers 4,, u,, 7,, and 7, on the left of the

corresponding constraints constitute the DLMPs, which are
derived using the Karush-Kuhn-Tucker (KKT) -condition
through the AC OPF model given in (61) [34].

pn:A1/1,4”+Az/‘n+A3ﬂA,,+A4’7:+A5’7; (o1)

where 4,(i=1, 2, ..., 5) is the nonlinear function given in [34].

B. NUC for a P2P Market

DLMPs that offer incentive price signals are used to de-
rive NUCs with bargaining transactions in different markets.
In a P2P market, to reflect the effects of bargaining transac-
tions on DLMPs, constraint (50) must be modified to realize
an interconnection between the bargaining model with P2P
transactions (26)-(31) and the branch flow model (49)-(60).
The modified constraint is formulated as:

G 2 fP= D (fF-LR)-pi-giy+d,.,+G,v,=0 VneN*
Kec,
(62)
The NUC model for the P2P market is given as:
max (0" + O*") (63)
s.t.
(33), (51)-(60), and (62) (64)

The optimal solutions and DLMPs are obtained by solving
the NUC optimization model in (63) and (64). The NUC is
paid by consumers according to the principle of “who bene-
fits and who bears”, and the NUC of consumer ; with bar-
gaining transactions in the P2P market can be calculated by:

NUC= > (p;=p)p;

ieQ, (65)
where p, and p; are the DLMPs for producer i and consumer

J, respectively.

C. NUCs for CB Market

Unlike the P2P market, the CB market not only simplifies
the complexity of the energy transaction process but also re-
duces the computational burden of the NUC by introducing
the role of the CM and fully considering the self-organiza-
tion of the community. Correspondingly, constraint (50)
must be adjusted so that the bargaining transaction model
given in (39)-(43) for the CB market and the branch flow
model (49)-(60) are coupled. The adjusted constraint is for-
mulated as:

(;{n ):f;’lp_ 2 (f}cp_ lkRk)_pi_gm.i:n+dm,i:n+ Gnvnzo
keC,
Y(n,m)e(N*,M)

The NUC model for the CB market is given by:
max (0% +0""")

(66)

(67)

s.t.
(45), (51)-(60), and (66) (68)

The community is a self-organized structure with weakly
centralized transactions, and all energy transactions are
matched by the CM, which simplifies the calculation process
of the NUC and reflects the advantage of the decomposition
and coordination approach. The NUC of community m is de-
termined based on the average energy selling and purchasing
prices, which are given by:

z Pm.i

z Pomj

e ieQ
NUC, = | 10— - == e, +
N, N, j;% Jj
EP,,,J zgpf,i
jeQ, icQ,
- —le
feM/{m} Nm,b ]va;s mf (69)

where p,,; and p, ; are the DLMPs for producer i and con-
sumer j within community m, respectively; N, , and N, are
the numbers of consumers and producers within community
m, respectively; and e, is the energy purchased by communi-
ty m from community f. The first and second items of (69)
represent the NUC generated by trading within community
m and with other communities, respectively. Note that, in
contrast to the NUC modeling mechanism of P2P transac-
tions, the CB market considers the participation of third-par-
ty agents, i.e., CMs, in energy bargaining transactions, mak-
ing it difficult to allocate the NUC directly to consumers.
Therefore, a feasible allocation scheme must be designed for
each consumer to ensure the NUC of community m obtained
from DLMPs.

D. Shapley Value for NUC Allocation

Because prosumers build communities based on transac-
tion preferences and the NUC is allocated accordingly, the
relationship between prosumers in the CB market is typical-
ly both cooperative and competitive. In coalitional games
with self-interested characteristics, the worth of the coalition
must be distributed among the players of the coalitional
group using a fairness rule. The rational allocation of the
NUC among community prosumers is a critical problem for
CB market energy transactions. For a coalition composed of
multiple participants, the Shapley value is used to design an
allocation scheme that allocates coalition benefits based on
the average marginal contribution of each participant. The
Shapley value has been studied and widely applied in the
fields of transmission network construction cost allocation
[36], network loss cost allocation [37], unit start-stop cost al-
location [38], and peak shaving cost allocation [39]. In this
study, the NUC obtained by a coalition containing communi-
ty prosumers is divided among its players using the Shapley
value.

In general, we denote ¢(N) as the contribution of coalition
for any of the proposed coalition benefit allocation prob-
lems, where ¢(N)=NUC,,_, is derived from (69). We denote
@, as the Shapley value, which is assigned to each game con-
tribution represented by function ¢(N), i.e., a vector of NUC
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{41,045, ...y} for each consumer k of coalition N such that
2 ¢, =c(N). Let Q< N be any non-empty subset of consum-

keN
ers from the set of N that may build a coalitional group, and

the number of consumers in set Q is |Q| The marginal con-
tribution, i.e., NUC, of a consumer k& with respect to the
overall NUC savings obtained by a subset of O is defined
by the value c(QU{k})—c(Q). Then, the Shapley value ¢, as-
signed to each consumer k is given by (17). This sum is cal-
culated over all possible subsets O of N without containing
consumer k.

n-|0|-1)!
oo 3 Lo 10 ! ciouwy-ao
Qc Nk} :

where ¢(QU{k}) and c(Q) are obtained by (69), i.e., c(QU{k})=
NUC,,_ oy, and c(Q)=NUC,, _,.

(70)

IV. CASE STUDY

The modified IEEE 15-bus and IEEE 123-bus distribution
test systems are used to validate the effectiveness of the pro-
posed NUC calculation model. The optimization problems of
P2P and CB transaction involve the use of decentralized or
distributed optimization techniques, e.g., the alternating direc-
tion method of multipliers, to guarantee the privacy of pro-
sumers. However, because the distributed optimization tech-
niques have the problem of slow convergence or non-conver-
gence within limited iterations, the centralized optimization
method with fast convergence is applied in this study to ob-
tain global optimal results. The program is developed in
MATLAB 2017b, where the commercial solver IPOPT is
used to solve the optimization problems of NUC and to ac-
quire the DLMPs.

A. IEEE 15-bus Distribution Test System

Figure 3 shows the IEEE 15-bus distribution test system.
The system is divided into three communities containing
four producers located at buses 0, 2, 3, and 7 with the in-
stalled capacities of 4.2, 0.4, 0.4, and 0.4 MW, respectively,
and 11 consumers. Bus 0 is the upstream connection to the
main grid. Simulation parameters for IEEE 15-bus distribu-
tion test system are listed in Table 1.

. Producer; O Consumer

IEEE 15-bus distribution test system.

Fig. 3.

Figure 4 shows energy transactions with NUCs in the
IEEE 15-bus distribution test system. Figure 4(a) shows that
P2P transactions are relatively decentralized, and the quanti-
ty of P2P transactions is small. In other words, each consum-
er purchases a varying quantity of energy from all produc-

ers, and the quantity of electric energy purchased is small.
For example, consumer 1 purchases the energy of 0.6510,
0.1028, 0.0357, and 0.0041 MW from producers 0, 2, 3, and
7, respectively, and pays an NUC of $5.7438 for P2P trans-
actions, i.e., 0.6510 x 0.0501 + 0.1028 x 40.0501 + 0.0357 x
40.0501+0.0041 x 40.0501 =5.7438.

TABLE I
SIMULATION PARAMETERS FOR IEEE 15-BUS DISTRIBUTION TEST SYSTEM

Prosumer  x ($/MWh) y_ (§/MWh) y,  ($/MWh) y,  ($/MWh)

0 50

1 0.2000 1.0

2 10 0.1859 0.90
3 10 0.9045 0.90
4 0.2000 1.0

5 0.2000 1.0

6 0.2000 1.0

7 10 0.9045 0.95
8 0.2000 1.1

9 0.2000 1.1

10 0.2000 1.1

11 0.2000 1.1

12 0.2000 1.0

13 0.2000 1.0

14 0.2000 1.0

Note that some consumers pay a negative NUC. For exam-
ple, the NUC for consumer 4 is —$0.2036. This is because a
bidirectional power flow exists in the active distribution net-
work, and a consumer with a negative NUC can relieve the
line congestion by purchasing the power from the producer.
Thus, the electric power utility subsidizes the consumer. Fig-
ure 4(b) shows the CB transactions and the NUC of the com-
munity overall. The four sets of data on the right side of the
consumer index represent the NUC of the community to be
paid for purchasing 1 MW of power from the upstream grid
and communities 1, 2, and 3, respectively. Two numbers are
on the left side of each producer and consumer. For consum-
ers, the numbers above and below represent the amount of
energy purchased from this community and the amount of
energy purchased from other communities and the upstream
grid through the CM, respectively. Similarly, for producers,
the numbers above and below represent the amount of ener-
gy sold to this community and the amount of energy sold to
other communities and the upstream grid through the CM,
respectively. We can see that all prosumers complete the
transaction matching within this community, except for the
consumers in community 1 who purchase the power from
the upstream grid. The NUC allocation results based on the
Shapley value under CB market are presented in Table II.
We see that consumer 1, who purchases the power from pro-
ducer 2 at a lower price, causes congestion in line 2, as
shown in Fig. 5(a). In addition, consumer 1 pays a relatively
high NUC. By contrast, the other consumers who choose to
purchase power from the upstream grid with the higher price
and who rarely cause line congestion pay a nearly negligible
NUC.
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Fig. 4. Energy transactions with NUCs in IEEE 15-bus distribution test
system. (a) P2P market. (b) CB market.

Figure 5 shows the comparison of line loading ratio and
nodal voltage magnitude under P2P and CB markets. Here,
the benchmark market represents the DSO in charge of all
transactions.

In a pool-based distribution market, i.e., the proposed
benchmark market, the objective is to maximize social wel-
fare by collecting bids and offers from all market partici-
pants through the DSO and then clearing the market in a

centralized manner. Simultaneously, specific operating con-
straints must be met to ensure the reliable operation of the
power system. The centralized trading model can be mod-
eled as model I in [34].

TABLE 11
NUC ALLOCATION RESULTS BASED ON SHAPLEY VALUE
UNDER CB MARKET

Index of communities Index of consumers NUC (%)

1 4.6746

12 0.1029

! 13 0.0240
14 0.1766

4 0.0004

2 5 0.0013
6 0.0014

8 0.0020

9 0.0023

3 10 0.0026
11 0.0015

Compared with the P2P and CB markets, no line conges-
tion occurs in the benchmark market, and the voltage profile
of the nodes is relatively stable because all energy transac-
tions are scheduled uniformly by the DSO. Furthermore, the
line loading ratio and nodal voltage magnitude of P2P trans-
actions are higher than those of CB transactions. Consumers
in communities 2 and 3 complete the nearby energy trading,
and the energy is not transmitted through lines 3 and 8, as
shown in Fig. 5(a). This reduces the energy loss in the trans-
mission process and improves the nodal voltage profile of
the entire distribution system, as shown in Fig. 5(b).

2 100r
£8 1L/
S5 s0p /N
o = / " / \
g8 25 Y P S S
A . = - e A
1 2 3 4 5 6 7 8 9 10 11 12 13 14
Line number
(a)
o 2 1.05 e
ge P b ambanbamRetS St N,
S 100
< =
o =
o on .
Zog0osl—— e e
01 2 3 4 5 6 7 8 9 1011 12 13 14
Bus number
(b)

Benchmark; -<- P2P; -+ CB

Fig. 5. Comparison of line loading ratio and nodal voltage magnitude un-
der P2P and CB markets. (a) Line loading ratio. (b) Nodal voltage magni-
tude.

The prosumer payments and NUC with or without NB are
presented in Table III. We can see that the welfare of the
prosumer is improved through bargaining transactions, that
is, the increase in revenue for producers and the reduction of
payments for consumers. Moreover, the NUC of energy-bar-
gaining transactions is reduced from $12.2373 to $10.1997,
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or by 16.7%, in the P2P market and from $5.7732 to
$4.9896, or by 13.6%, in the CB market. The results show
that the NUC of P2P bargaining transactions is higher than
that of CB bargaining transactions, accurately reflecting the
utilization of grid assets by prosumers.

TABLE III
PROSUMER PAYMENTS AND NUC WITH OR WITHOUT NB

CB transactions are relatively centralized so that all energy
transactions are matched within the community to achieve
the nearby transactions of energy, as shown in Fig. 7(b). For
example, consumers with an index of 34 to 50 purchase the
energy from seven producers in the P2P market. By contrast,
in the CB market, they purchase the energy only from the
producer with an index of 120 in community 4 and achieve
a balance between the energy supply and demand.

Transaction Revenue of Payment of TABLE IV
Market . NUC (8§)
behavior producer (§)  consumer ($) SIMULATION PARAMETERS FOR MODIFIED IEEE 123-BUS TEST SYSTEM
Pop Without NB 72.2987 84.5360 12.2373
With NB 73.5621 83.7618 10.1997 Index of producers Capacity (MW) Incremental cost ($/MWh)
CB Without NB 75.8217 81.5949 5.7732 0 0.8 20
With NB 76.1426 81.1322 4.9896 2 0.5 10
12 0.5 10
Lo . 20 0.5 9
B. IEEE 123-bus Distribution Test System 6 05 "
Figure 6 shows the IEEE 123-bus distribution test system, 7 05 10
which is divided into eight communities containing nine pro- 77 05 9
ducers and 114 consumers. For the modified IEEE 123-bus 107 0.5 10
distribution test system, constants y,,,, 7.,, of consumers and 120 0.5 1
Ve Veom Of producers are set to be 1, 0.2, 0.9, and 0.9045,
respectively. The simulation parameters for producers with Quantity of Quantity of
DERs are given in Table IV. energy energy
transaction transaction
111 112 113 0 0.25 0.25
20
. 020 , 0.20
5} 5]
g 40 £
Z 0.15 Z 0.15
g 60 3
5 0.10 8 0.10
5 80 B '
=] o
E E
100 0.05 0.05
120 0 0
0 12 120 60 77 0 12 120 60 77
2 20 107 71 2 20 107 71
Index of producers Index of producers
(a) (b)
Fig. 7. Quantities of different energy transactions. (a) P2P market. (b) CB
market.

99 117
0 Producer; ® Consumer; '~ ~; Community 1; Community 2
=72 Community 3; Community 4; Community 5
Community 6; =~ Community 7; =~ Community 8

Fig. 6. IEEE 123-bus distribution test system.

Figure 7 shows the quantities of different energy transac-
tions. We can see that the P2P transactions are decentralized
so that consumers purchase varying amounts of energy from
different producers, as shown in Fig. 7(a). By contrast, the

Figure 8 compares the line loading ratios of different ener-
gy transactions. As Fig. 8(a) shows, the median line of the
boxplot for P2P transactions is higher than that for CB trans-
actions. In addition, the numerical distribution of the line
loading ratio for CB transactions is relatively concentrated,
and the upper limit and abnormal value of the line loading
ratio are lower than those for P2P transactions. This indi-
cates that CB transactions have a lower grid asset utilization
than P2P transactions. Figure 8(b) shows the line loading ratio
of each community for the CB transactions. When Fig. 6(b)
is also considered, we see that the large energy demand of
some consumers with CB transactions within communities 4,
6, and 7 generates an increase in the line loading ratio for
some lines.

Figure 9 compares the numerical distributions of the nodal
voltage magnitudes for different energy transactions. Similar-
ly, Fig. 9(a) shows that the average level of nodal voltage
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magnitude is higher for P2P transactions than for CB transac-
tions, indicating that the CB transactions can more easily
maintain stable operation of the power grid. The energy in
the CB market is traded nearby, reducing the loss of energy
on the line during energy transmission and thus improving
the voltage magnitude profile at each node of the entire net-
work. Figure 9(b) shows the voltage magnitude distribution
for each community. When Fig. 7(b) is also considered, we
see that, relative to other communities, the higher demand
for energy transactions for communities 4, 6, and 7 causes
greater voltage magnitude fluctuations.
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Fig. 8. Comparison of line loading ratios of different energy transactions.

(a) Line loading ratio under P2P and CB markets. (b) Line loading ratio of
each community under CB market.
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Fig. 9. Comparison of numerical distributions of nodal voltage magnitudes
for different energy transactions. (a) Nodal voltage magnitude under P2P
and CB markets. (b) Nodal voltage magnitude of each community under CB
market.
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The NUCs for P2P and CB transactions are $81.5976 and
$34.9272, respectively, which represent the grid asset utiliza-
tion of different transaction markets. The line loading ratio
and the voltage magnitude profile for P2P transactions are
higher than those for CB transactions. The NUCs for each
community are listed in Table V. The NUCs with CB transac-
tions of communities 4, 6, and 7 are higher than those of
other communities, which is consistent with the previous
analysis of the demand for energy transactions and the line
loading ratio.
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TABLE V
NUCSs FOR EACH COMMUNITY

Index of community NUC ($) Index of community ~ NUC ($)
1 4.7014 5 3.4853
2 4.6185 6 5.0821
3 3.1625 7 5.6079
4 5.3824 8 2.8871

V. CONCLUSION

In this study, we propose the methods to calculate the NU-
Cs for P2P and CB markets with the aim of improving the
revenue of network services provided by the electric power
utility and effectively allocating the NUC to consumers in
the prosumer era. In particular, the NB method is employed
to formulate energy transaction models for the P2P and CB
markets to capture the transaction behaviors of prosumers
with self-interest characteristics. For both energy transaction
markets, we use the DLMPs to coordinate the distribution
system operation and energy trading and combine them with
the Shapley value to allocate the NUC that consumers paid
for the electric power utility. Case studies on modified IEEE
15-bus and 123-bus distribution test systems demonstrate the
effectiveness of our proposed NUC calculation methods for
P2P and CB transactions. The simulation results show that
the line loading ratio and voltage magnitude fluctuation of
CB transactions are lower than those of P2P transactions, in-
dicating that the grid asset utilization and energy loss for
prosumers with CB transactions are relatively low, and the
NUC is less than the P2P transactions. In addition, the pro-
sumers could improve their welfares by bargaining transac-
tions and reduce the NUC for P2P and CB transactions.
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