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Abstract—This paper presents a measurement-based electricity
market structure to establish peer-to-peer (P2P) transactions
along with imports from or exports to the upstream network.
A Kkey benefit of the proposed P2P market is that participants
therein can fully express their proclivities by setting their
individual preferences for buying and selling partners indepen-
dently. Moreover, resulting P2P transactions satisfy power flow
constraints of the underlying distribution system without needing
an offline network model. Instead, we estimate a linear sensitivity
model mapping bus voltages to injections using only online
measurements collected from P2P market participants, which is
then embedded as an equality constraint in an optimal power
flow (OPF) problem. The OPF problem minimizes total cost
of P2P transactions incurred to market participants capturing
network usage fees, buying/selling preferences, net import/export
cost, and operation cost. The optimal solution of the OPF problem
comprises the P2P transactions (specifying partners, quantity,
and price for each trade), the optimal dispatch, as well as loca-
tional marginal prices at buses where measurements are collected.
Via numerical simulations involving a 22-bus test system, we
demonstrate the effectiveness of the proposed method to establish
P2P transactions that respect individual preferences; we also
validate notable properties pertaining to the trade prices.

Index Terms—Buying and selling preferences, distribution
system, electricity market, locational marginal pricing, peer-to-
peer transactions, synchrophasors

I. INTRODUCTION

Critical in the transition to a low-carbon electric energy
future is extensive deployment of distributed energy re-
sources (DERs), such as distributed and renewable genera-
tion and flexible demand, in power distribution networks, to
replace large-scale fossil fuel power plants. Under suitable
control and coordination, DERs can help to improve system
performance by contributing to, e.g., voltage support and
congestion management [1]. At the same time, distribution-
level electricity trading practices are needed to incentivize
DERs in providing grid support and to compensate them
through a fair pricing scheme instead of payments based on
fixed or time-of-use rates only [2]. Of particular interest at
the distribution level is to facilitate potentially many pair-wise
peer-to-peer (P2P) transactions of electricity at a given time,
where each transaction specifies the trading quantity and price
between two particular market participants (e.g., an energy
producer and an energy consumer) [3].

A notable benefit of P2P markets over pool-based mar-
ket structures is their ability to respond to market partici-
pant preferences regarding electricity source and trading part-
ners [4]. P2P markets have been developed using various

approaches, including game theory, contract networks, auction
theory, and convex optimization (see, e.g., [5], [6] for com-
prehensive review). Amongst optimization-based P2P markets,
user preferences are typically handled by including them in the
objective function of a multi-bilateral economic dispatch prob-
lem [7]-[11]. In [7], [8], only the economic layer of the P2P
market is considered without any mechanism to ensure that the
resulting P2P transactions satisfy the physical constraints of
the underlying electrical network. This purely economic model
is extended to include the physical layer by incorporating
P2P trades into an optimal power flow (OPF) problem, where
power flow constraints may be expressed through the branch
flow model [9], power transfer distribution factors [10], or the
DC power flow approximation [11]. Although the approaches
in [9]-[11] are effective at constraining market outcomes
to feasible P2P transactions within limitations of the grid,
they require offline knowledge of an accurate and up-to-date
network model, which may not be available in practice. The
advancement of online measurement technologies tailored for
distribution systems, such as distribution-level phasor mea-
surement units (D-PMUs), motivates the development of data-
driven electricity markets. Recent work in [12] offers one such
method to calculate locational marginal prices (LMPs) as part
of the optimal solution of an OPF problem formulated without
relying on any offline knowledge of the distribution network,
but it does not consider P2P transactions.

In this paper, we extend the method in [12] to formulate
a measurement-based OPF problem that establishes a set of
optimal P2P transactions, specifying the partners, quantity,
and price for each trade, in addition to obtaining the optimal
DER dispatch and the associated LMPs. We embed market
participant preferences into the objective function of the
OPF problem in the form of penalties for potential pairwise
P2P transactions, which is minimized along with net im-
port/export costs and DER generation costs. Distinct from [7]—
[11], our proposed formulation enables market participants
to fully express their proclivities by independently setting
their buying and selling preferences in trades with a single
partner. For example, a market participant who owns a non-
carbon-emitting DER may be averse to buying electricity
from the owner of a carbon-emitting DER but may have
no aversion to selling electricity to that same individual.
Furthermore, unlike [9]-[11], the resulting P2P transactions
and optimal dispatch satisfy power flow constraints without
relying on an offline network model. Instead, we estimate a
linear sensitivity model mapping voltages to injections using



only online measurements collected from buses with market
participants (see, e.g., [13], [14]). Finally, the proposed method
prevents arbitrage in resulting P2P transactions by explicitly
limiting an individual’s electricity sales to be less than its
production. Via numerical simulations involving a 22-bus test
system, we demonstrate the effectiveness of the proposed
method in establishing P2P transactions that respect individual
preferences. Simulations also validate notable properties that
are pertinent to the trade prices.

II. PRELIMINARIES

In this section, we describe the distribution system model
along with market participants therein. We also outline the on-
line estimation of a linear sensitivity model that approximates
the nonlinear power flow equations typically constructed using
prior offline knowledge of the distribution network.

A. Market Participants

Consider a distribution system with N 4 1 buses collected
in the set NV = {0,1,..., N}, where bus 0 is the slack bus
connected to the substation with fixed and known voltage.
Within the set N, G buses are connected to dispatchable DERs
collected in the set G C N \ {0}. Let V; and 6; denote,
respectively, the voltage magnitude and phase angle at bus
17 € N; and let Pid and Q? denote, respectively, the active-
and reactive-power demand arising from the aggregate non-
dispatchable load at bus i € N. Also let P$ denote the active-
power generation arising from the aggregate dispatchable DER
at bus g € G. Further let £ C N \ {0} represent the set of E
buses that are connected to so-called market participants that
may take part in P2P transactions. Without loss of generality,
we assume that all DERs are market participants so that G C &.

B. Estimated Linear Power Flow Model

In order to constrain nodal voltage magnitudes at the buses
connected to market participants, i.e., those contained in the
set £, they must be equipped with D-PMUs that provide
measurements of voltage phasors and complex power injec-
tions. For the sake of containing notational burden, we further
assume that only buses connected to market participants are
equipped with D-PMUs. Collect voltage phase angles and
magnitudes of measured buses in vectors 6 = [(0¢)ece]|”
and V = [(Vy)eee]T, respectively. Also collect active- and
reactive-power demand at measured buses in vectors P9 =
[(PM)oee]T and QF = [(QF)ree], respectively. Net active-
and reactive-power injections are then respectively P =
MPe — P4 and Q = —Q9, where M € REXC is a matrix of
0Os and 1s that maps entries in G to corresponding bus indices
in £ Measured values of the variables defined above are
distinguished by ~ placed above the corresponding variables.

Suppose pertinent system variables are sampled at time ¢t =
kAt, k = 0,1,..., where At is the sampling interval (in
the range of several seconds or less [15]). Then we collect
measured nodal voltage phase angles and magnitudes at time
step k in Zp) = [ﬁ[i], V[E]]T Further collect the measured net

nodal power injections at time step & in Yz = []3[};], @ﬁ}]T.

We then hypothesize that the measured injections and voltages
are related linearly as Yz = Jj)T[k) + C[x]» OF equivalently

~T AT
i = [# 1] Hu M

where Hp = [J[k],c[k.]]T. By recording a minimum of 2F
most recent samples and stacking the corresponding instances
of (1) while assuming H;) remains constant across these
samples, we can easily apply the ordinary least squares (OLS)
algorithm to obtain an estimate of H, [k]- However, due to
potential correlation amongst voltage measurements at various
buses, the OLS algorithm may lead to ill-conditioned regressor
matrices. Recent work in [14] suggests that the partial least
squares (PLS) algorithm is effective to provide meaningful
estimates of Hp in the presence of collinearity. We refer
interested readers to [14] for further details on the estimation
algorithm and its performance. For the purpose of this paper,
similar to [12], it suffices to assume that an up-to-date estimate
H = [J,¢]T is available from applying the PLS algorithm
to sufficiently many recently obtained measurements. We will
also find it helpful to decompose J and ¢ as follows:
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III. PEER-TO-PEER ELECTRICITY MARKET

This section incorporates P2P transactions within a
measurement-based OPF problem embedding the estimated
sensitivity model from Section II-B in place of the typical non-
linear power flow equations constructed from prior knowledge
of the network topology and its parameters. Also included in
this section are optimality conditions of the OPF problem.

A. Problem Formulation

Let SP?P € RE*¥ denote the nonnegative P2P transaction
matrix where the (g, ¢) entry represents the active power sold
by the DER at bus g to market participant at bus ¢. We employ
three ways to penalize P2P transactions based on participants’
obligation to the distribution system operator (DSO) as well
as their buying and selling preferences.

i) Obligation to DSO. Let v4° > 0 represent a network
usage fee rate, which may be imposed by the DSO
uniformly on all P2P transactions in ST2¥ for using the
underlying electrical network.

ii) Buyer Preferences. Let matrix I'® € RE*F comprise
buying preferences of market participants, where the
(g,¢) entry therein represents the penalty applied by the
market participant at bus ¢ to the DER at bus g.

iii) Seller Preferences. Let matrix I' € R&*F comprise sell-
ing preferences of DERs, where the (g, /) entry therein
represents the subsidy applied by the DER at bus g to
the market participant at bus /.

We note that the seller and buyer preferences need not coincide
with each other in a single P2P transaction. For example, sup-
pose the DER at bus g is a diesel generator but the participant
at bus ¢ prefers to buy electricity only from renewable sources.
To capture this preference, the participant at bus £ could set the



(g,¢) entry in I'® to a large positive value, whereas the same
entry in I'> may be small or zero to reflect the ambivalence of
the DER at bus g with respect to selling power to the market
participant at bus . On the other hand, a DER may prefer to
sell its power to a low-income household either altruistically
or to, e.g., qualify for certain government subsidies. In this
case, the DER could set the pertinent entry in I'® to a positive
value, whereas the same entry in I'® may be zero reflecting
an absence of preference on the part of the buyer. In practice,
each market participant would declare its buying preferences
in the corresponding column of I'®, while each DER would
declare its selling preferences in the corresponding row of I'®.
This is an important distinction in our proposed formulation
over prior work so as to enable market participants to fully
express their individual proclivities.

Now let SmP € RE comprise imports from the upstream
network to the F market participants in the distribution net-
work; and let S™P € R comprise exports to the upstream net-
work from the G DERs. Further let 7™P > 0 (7P > () de-
note the uniform price at which all market participants (DERS)
would buy (sell) power from (to) the upstream network.
With the notation for P2P transactions, imports, and exports
established above, we formulate the following OPF problem to
minimize the collective total costs of all market participants:

minimize yds01 ESP2P 1 b Tr((TP — %) TSP2P)
+ mMPLESIP — pOPLL S 4 C(PE)  (3a)

subject to MP8& — P = JP% + JPVV 127 (), (3b)

—QI=J%0+ IV + 29, (n), (3c)
MP® + (SPQP)T1G+Simp

= P4+ M(SP*1p 4+ S°P), (), (3d)
P& > SP2P 1L 4 P (), (3e)
SP > 0axp, (D), (39
SMP > 0p, (), (32)
S > 0g, (£), (3h)
VV<V, (v ,vh), (3i)
PE<PE<PE (67,97), 3j)

where penalties for P2P transactions (expressed through net-
work usage fees and buying/selling preferences), net im-
port/export cost, as well as the operation cost of DERs C'(P#)
are minimized in the objective function (3a) subject to oper-
ational constraints in (3b)—(3j). Decision variables of (3) col-
lected in Q = {SP2F gimp gexp pe ¢ V1 include P2P trans-
actions (trading partners and quantities), imports and exports,
DER active-power setpoints, and voltage phase angles and
magnitudes of only buses with measurements (equivalently
buses connected to market participants). As such, the problem
does not optimize over buses without measurements in A\ £.
Equality constraints include estimated linear sensitivity-based
active- and reactive-power flow equations in (3b) and (3c),
respectively. Imposed in (3d) is the nodal active-power balance
at all buses with measurements considering injections from
DERs and purchases as well as withdrawals by loads and
due to sales. The inequality constraint pertinent to the P2P

transaction matrix ST2F in (3e) ensures that total sales from

each participant with a DER do not exceed its production so
as to prevent arbitrage while ensuring individual preferences
have meaningful impact on the optimal dispatch. Furthermore,
inequality constraints in (3f)—(3h) impose nonnegative entries
in SP2P §mp and S°*P. Finally, nodal voltage magnitudes
and active-power outputs of DERs are confined to their mini-
mum and maximum limits through (31)-(3j).

B. Optimality Conditions
The optimality conditions for the OPF problem in (3) are
established through Karush-Kuhn-Tucker (KKT) conditions.
Below, we first formulate the Lagrangian of the problem in (3),
from which KKT conditions are then derived.
1) Lagrangian Function: The Lagrangian of (3) is
L= ,_ydsolgSpQPlE + Tr((I‘b o PS)TSPQP)
+ T PRSP — pOPLLGOP 4 C(PB)
+AT(JP9 + JPVV 4" — MP® + PY)
+uT (TR 4+ TOVV + 29 + QY
+5T(Pd 4 M(SP2P1E 4 Sexp)
— MP®& — (SP2P)T1G o Simp)
_ pT(Pg _ SP2P1E _ SCXP)
_ TI’(ZTSP2P) _ CTSimp _ gTSexp
+ )T Y- V) + )NV V)
+(@7)T(BE — PE) + (¢F) T (P2 —
2) KKT Conditions: Denote the optimal Lagrangian by £*
and distinguish the optimal values taken by decision variables
and Lagrange multipliers of (3) with superscript x. Then the
KKT conditions include stationarity conditions, complemen-

tary slackness conditions, primal feasibility, and dual feasibil-
ity. Stationarity conditions are given by the following:

oL*  0C(PE)

P5. @

— M (X 4B —p* + ¢~ ¢7*=0g,

opPs* ~ QPs+
(5)
aL* . )
W:befsflgﬂ T*Z
+ (1ey™° + MTB* + p*)1E = Ocx g, (6)
aL* .
gmps = 1em" = 5" — (" = 0p, ™
aL*
0.Sexp* = _lGﬂ-exp + MTﬁ* - p* - g* = 0(;, (8)
aL* - JEPS )
g =T IN (T T = 0, ©)
25* =(TPVYIN + (T Tt vt — v = 0p. (10)

The optimal solution also satisfies the following complemen-
tary slackness conditions:

py(PE* — e, ST2P*1p — 59 =0, g € G, (11)

oSty =0, geg, LEE, (12)
S =0, LEE, £8P =0, g€, (13)
v (V= Vi) =0, vf*(VF =V =0, Le& (14



¢, (P& — P&) =0, ¢ (P —P5) =0, g€ G, (15)
P2Px*

where e, denotes the g-th standard basis vector, and S% g
and Ez ¢) respectively denote the (g,¢) entries in ST2
and X~ Flnally, the optimal solution satisfies the primal
feasibility conditions delineated by (3b)-(3j) as well as the
dual feasibility conditions as follows:

DSt G o vy Vg 08T >0, g€ G, LEE. (16)

IV. ELECTRICITY PRICING

This section presents results and properties pertaining to
locational marginal prices and P2P trading prices derived from
the optimality conditions of the market problem in (3).

A. Locational Marginal Prices

In general, LMPs represent the rate of change of total
optimal cost in (3a) due to incremental changes in demand at
different buses in the system [16]. Mathematically, the active-
power LMP at a particular bus is the first derivative of optimal
Lagrangian in (4) with respect to the active-power load at that
bus [16]. Using the chain rule in calculus and the optimality
conditions in (5)—(16), it is straightforward to show that the
active-power LMP at bus ¢ € £ is the /-th entry in \* 4 5*.

Lemma 1. Suppose that at optimal solution of the problem
in (3), {ST2P* gimpx gexpx pgx g* 1/*1 limits on voltage
magnitudes are not binding so that v** = v=* = Og. Then
A" = p* = 0Og, so the active-power LMP at bus ¢ € &
simplifies as the /-th entry in 5*.

Proof. With v™ = v™* = O, we can stack (9)—(10) into a
single matrix-vector equation as follows:

~ o 1T

v o] [ =7 - o
JPVogevil w7 wr] T |0s]
Provided that the estimation of linear sensitivities described in
Section II-B yields correct results, J essentially approximates
the Schur complement of the block corresponding to measured
buses in the full power flow Jacobian matrix. Since the
Jacobian matrix is_evaluated at a valid operating point, we
can assume that J and its matrix transpose are invertible.
Thus, (17) has only the trivial solution of \* = y* =0g. O

a7

B. Peer-to-peer Transaction Prices

Given the optimal solution of (3), we set the trade price of
the P2P transaction from the DER at bus g € G to the market
participant at bus ¢ € £ as

a0 (P=*)
dPE*

where 7, , denotes the (g,¢) entry in I". To motivate the
trade prlce in (18), consider first the special case where
minimum and maximum limits on the output of the DER at
bus g are not binding at the optimal solution, i.e., ¢;* =
¢,* = 0. The trade price then simplifies as the marginal cost
of generation of the DER at bus g less the subsidy (if any)
that it offers to the market participant at bus ¢. In the case

ﬂ-?g,f) =

+ o5t —o," (18)

- 78{77@)’

where the upper limit on the output of the DER at bus g
is binding, the positive-valued ¢j* provides a price signal
incentivizing further investment in capac1ty in proportion to
the marginal benefit of increasing P,. On the other hand,
positive-valued ¢ ™ results from the lower limit on the output
of the DER at bus g being binding because, e.g., it represents
must-run generation. Here, the trade price would be less than
the marginal cost of generation of the DER at bus g. The
market participant at bus ¢ is also responsible for paying the
network usage fee of ,.ydsosF’ZP)* to the DSO in addition to
their payment of 7r(g p Slz 2{)* to the DER at bus g.

Lemma 2. Suppose that at the optimal solution of the problem
in (3), {ST2P*, Gimpx gexpx pex g* 1/*1 limits on voltage
magnitudes are not binding so that v = v=* = Og. Then the
trade price of a nonzero P2P transaction from the DER at bus
g € G to the market participant at bus ¢ € &, qu) 0 satisfies

ex

s im ds b
TP - Mgy = ﬂ-?g:f) S =0 T(g,0) (19)

where ¢, ;) and W’Fg,z) denote the (g, £) entries in I'S and T'®,
respectively.

Proof. We rearrange (5) and express the g-th entry therein as

ocwpey )

3(ng*)+¢;7r — g = A+ By +pg (20)
Tty = Ao T 55 + 05 = Vgyr 2D
9.0y = By + P5 = Vg.0): 22)

where the second equality results from subtracting both sides
by W?g,l) and substituting (18), and the third equality holds
because A; = 0 when voltage limits are not binding, by
Lemma 1. With (22) in place, we first provide the proof for
the lower bound in (19). Take the g-th entry in (8) to get
By = 7P + py + &, which we substitute into (22) to yield

o) =77 4205+ 85 = Vg0 23

In the above, since {7 > 0 and p; > 0 by dual feasibility, we
obtain the lower bound in (19), as desired.

To establish the upper bound on the trade price in (19), we
extract the (g, ¢) entry in (6) to get

Sl +10 By +pp =0, (24

Yoty ~ V) = B =

where X7, ) denotes the (g,¢) entry in X*. Furthermore, by
complementary slackness, the nonzero trade from DER g € G
to market participant £ € £ taking place at the optimal solution
of (3) implies that E?g,e) = 0. Then (24) simplifies as

Vo) = Vg = B+ + By 405 =0, (29)
which we rearrange to get
Ty =Bt =1 =10 (26)

where we have made use of (22). Now take the /-th entry
of (7) to get B; = m™P — (;. Further recognizing that (; > 0
by dual feasibility, we get that 3; < 7MP which we substitute
into (26) to yield the upper bound in (19), as desired. O

The bounds on the trade price given by (19) imply that any
nonzero P2P transaction resulting from the optimal solution
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Fig. 1. One-line diagram of the 22-bus distribution test system modified to
include market participants at buses in £ = {2,4,7,8,10,12,15,17,18,20}
and, amongst these, DERs at buses in G = {4, 10, 17}. Stacked bars near a
market participant specify the portion of its demand (captured by total height)
sourced from each DER with (i) no buying or selling preferences (left), (ii)
buying preferences only (middle), and (iii) buying and selling preferences
(right). Buying preferences in Cases (ii)—(iii) consist of a penalty applied by
the market participant at bus 8 to purchases from DERs at buses 10 and 17
(see brown box), and selling preferences in Case (iii) consist of a subsidy
offered by the DER at bus 10 to the market participant at bus 20 (see pink
box). DER outputs corresponding to each case are shown in bottom left.

of (3) would be mutually beneficial (or at worst neutral)
for both the seller (i.e., DER at bus g) and the buyer (i.e.,
market participant at bus £) relative to the alternative option of
transacting with the upstream network under payments based
on fixed or time-of-use rates. This is inclusive of the impact
of network usage fees proportional to v4°, which are paid
by the buyer and hence present in the upper bound of (19).
Equivalently speaking, the bounds in (19) imply that no market
participant (DER) would buy (sell) power for more (less) than
the import (export) price, unless as a result of their own buying
(selling) preferences captured by 7}39,@) (’y(S g,é))'

V. CASE STUDIES

In this section, we present numerical simulations involving
a 22-bus distribution system (see, e.g., [17]) modified to
include market participants and DERs, as shown in Fig. 1
with parameter values listed in Appendix A. We use MAT-
POWER [18] to obtain simulated nodal voltage and power
injection measurements at the buses connected to market par-
ticipants, from which the linear sensitivity model is estimated
as described in Section II-B using the NIPALS algorithm
in MVARTOOLS [19]. The optimization problem in (3) is
constructed using YALMIP [20] and solved with Gurobi [21].
Simulations are performed in MATLAB R2022b on a personal
computer with an Intel i5-7500 processor at 3.40 GHz and
16 GB RAM. Simulation results demonstrate the effectiveness
of market participant preferences in influencing the optimal
DER dispatch and P2P transactions, along with the validity of
the pricing properties presented in Section IV.

A. Effect of Buying and Selling Preferences

We demonstrate the impact of market participant prefer-
ences on optimal P2P transactions and DER dispatch, as

TABLE I
TRADE PRICE, w(*g ) [¢/kWh], FOR MARKET PARTICIPANT AT BUS £ TO
BUY FROM DER AT BUS g, WHERE CASES (I)—(IIT) ARE CONSISTENT WITH
RESULTS DEPICTED IN FIG. 1.

Non-DER Market Case (i) Case (ii) Case (iii)
Participant ¢ DER g Price | DER g Price | DER g Price
2,7,12,15,18 10,17 4.53 | 10,17 4.53 | 10,17 4.53
8 10,17 4.53 4 5.00 4 5.00
20 10,17 4.53 | 10,17 4.53 10 3.53

summarized in Fig. 1 and Table I. We present results for
three cases differing in market participant preferences, where
case (i) represents a benchmark P2P scenario without any
buying or selling preferences, i.e., I = I'* = Ogxp. In
case (ii), the market participant at bus 8 expresses buying
preferences for electricity produced by the DER at bus 4
and so penalizes purchases from DERs at buses 10 and 17
in setting Y0g = Y0rg = °[¢/kWh], with all other
entries in I'P being zero. In Case (iii), in addition to the
buying preferences deployed in Case (ii), the DER at bus 10
applies a subsidy to the market participant at bus 20 by setting
V(10,20) = 1 [¢/kWh] with all other entries in I'* being zero.

As shown in Fig. 1, in Case (i) with no preferences
whatsoever, the more expensive DER at bus 4 is not dispatched
because the cheaper DERs at buses 10 and 17 are able to serve
all the demand. Correspondingly, as reported in column 3 in
Table I, all trade prices are equal. With the buying preferences
imposed in Case (ii), the market participant at bus 8 sources
all its power from the DER at bus 4, as highlighted by the
brown-coloured box in Fig. 1. At the same time, the buyer
at bus 8 incurs a higher trade price for preferring to serve its
demand with the more expensive DER at bus 4, as reported in
column 5 in Table I. In Case (iii), the market participant at bus
20 sources all its power from the DER at bus 10 (highlighted
by the pink-coloured box in Fig. 1) and incurs a lower trade
price (column 7 in Table I), reflecting the subsidy provided
by the DER at bus 10. Finally, it is worth noting that, without
the option of P2P transactions, all market participants would
buy their power from the upstream network at the import price
of 10 [¢/kWh], leading to greater cost of electricity.

B. Effect of Export Price

Persisting with buying and selling preferences used in
Case (iii), we further modify the market configuration by
doubling the export price to 7P = 6[¢/kWh] in order
to uncover the impact of nonzero exports on the optimal
solution of the market problem in (3). All DERs produce
power up to their respective maximum limits Pi, g € G,
as shown by the horizontal bars on the right side of Fig. 2.
Any excess power not used to serve the demand of market
participants is sold to the upstream network. This is because
the new export price is greater than the maximum possible
marginal cost for all three DERs (at ?g’). As in Case (iii),
the market participant at bus 8 buys power solely from the
DER at bus 4 in accordance with buying preferences, and the
participant at bus 20 buys solely from the DER at bus 10 in
response to the subsidy offered. All other market participants
buy power from all three DERs. All nonzero P2P transactions
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Fig. 2. P2P transactions with buyer preferences, seller subsidies, and exports.
Stacked vertical bars represent the total power bought by market participants,
with colour specitying the source DER. The bar for bus O represents exports,
i.e., power sold by DERs to the upstream network. DER outputs are shown
on the right with horizontal bars of the corresponding colour.

g,¢)
of m1g.00) = 51¢ /kWh] where the reduced price is consistent

with the subsidy v(,, o) = 1 [¢/kWHh]. In agreement with the
lower bound in (19), when it becomes profitable for DERs to
export power to the upstream network, then the lowest price
they would accept for P2P transactions is equal to the export
price less any subsidies they elect to offer to certain market
participants.

are priced at w{ = 7P = 6 [¢/kWh], with the exception

VI. CONCLUDING REMARKS

In this paper, we presented a measurement-based market
structure to facilitate peer-to-peer transactions in distribution
systems where individual preferences have a direct impact on
the optimal DER dispatch. By considering fixed prices associ-
ated with importing (exporting) power from (to) the upstream
network, the proposed model allows for seamless integration
with the widely adopted feed-in tariffs. By embedding a linear
sensitivity model estimated from D-PMU measurements into
the constraints of an OPF problem, voltage limits at the subset
of buses equipped with D-PMUs are satisfied without the need
for any offline knowledge of the distribution network topology.
Using this model, we propose a mechanism for pricing P2P
trades and show that these trades are beneficial to both buyer
and seller while taking into account transaction costs and
preferences. We present numerical simulations involving a
22-bus distribution test system to demonstrate the impact of
individual preferences on optimal DER dispatch as well as on
bounds for the trade prices. Promising directions for future
work include distributed solution of both linear model estima-
tion and optimization as well as extensions to multi-interval
markets and combined markets for energy and flexibility.

APPENDIX
A. Parameters for Case Studies in Section V
1) Imports and Exports: 7™ = 10[¢/kWh], 7P =
3[¢/kWh] in Section V-A and 7P = 6[¢/kWh] in Sec-
tion V-B.

2) Network Usage Fee: v%° = 0.01 [¢/kWh].

3) DERs at Buses in {4, 10, 17}: The DER cost function
in (3a) is given by C'(P?) = (P?)Tdiag(a)(P?)+bP?, where
a = [0.1,0.1,0.1) [¢/kWh?] and b = [5,4,4.5] [¢/kWh];
P& =10,0,0]T kW] and P* = [100, 200, 200] T [kW].
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