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Abstract—Local energy markets leveraging direct Peer-to-Peer
(P2P) trading have been proposed as a solution, which can
increase prosumer participation in lower cost and more reliable
supply of energy to consumers. Many approaches have been
proposed to determine the optimal dispatch of distributed re-
sources; however, existing approaches either provide inadequate
representation of the physical layer or insufficient handling of
infeasibilities for a continuous pricing mechanism. Hence, a gap
remains in the research to date on efficiently allowing for pro-
sumer decision autonomy while ensuring that the physical layer
of the power system is considered. This paper addresses these
issues with a proposed decentralised transactive solution that
retains prosumer negotiation and decision autonomy, while using
market determined prices to allocate limited system resources for
a feasible system state. This is achieved through a transaction
fee mechanism for prosumer interactions that considers the
network characteristics such as topology and line congestion,
and a congestion-clearing process to ensure efficient allocation
of network resources . Previously reported distribution networks
are used to compare the economic performance and transaction
decisions of the proposed solution with existing approaches.

Index Terms—Decentralised, energy trading, local energy
market, network usage charge, peer-to-peer trading, physical
network, prosumers, transactive energy.

NOMENCLATURE

Indices

Qr Set of matched peer trades

Qn Set of trades for peer n

beB Set of buses

b/ Sw Indices of buying/selling peers for trade w

lel Set of feeders

neN Set of peers

NP/N®  Set of buying/selling peers

o171 Indices of originating/receiving-end nodes of
distributon feeder [

w € Set of all peer trades

Parameters

T, Proportion of P2P demand for peer n

Ap Trade negotiation price increment [$/MWh]

P! j Power transfer distribution factor for feeder
[ corresponding to trade between peers i, j
[p-u]
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Injection shift factor of feeder ! for peer n
Binary parameter = 1, if utility transactions are
fixed, and O otherwise

Binary parameter = 1, if trade is cleared, and
0 otherwise

Binary parameter = 1, if trade is blocked, and
0 otherwise

Shunt susceptance of bus b [p.u.]

Wholesale electricity market price [$/MWh]
Reactive power demand at bus b [MVAr]
Min/max demand by peer n [MW]
Transaction fee increment [$/MWh]

Network usage charge scalar [$/MWh]

Shunt conductance of bus b [p.u.]

Min/max generation by peer n [MW]
Min/max real power output limit of utility
generator at bus b [MW]

Standard peer-centric trade size [MW]
Min/max reactive power output limit of utility
generator at bus b [MVAr]

Resistance of distribution feeder [ [p.u.]
Apparent power flow limit of distribution
feeder [ [p.u.]

Reserved power flow limit of distribution
feeder | [MW]

Congestion clearing power flow limit of distri-
bution feeder | [MW]

Feed in tariff rate for peer n [$/MWh]

Utility supply tariff rate for peer n [$/MWh]
Min/max limit on the voltage magnitude at bus
b [p.u.]

Reactance of distribution feeder [ [p.u.]
Thevenin impedance between peers ¢, j [p.u.]

Voltage sensitivity coefficient of bus b for a
trade between peers ¢, j

Transaction fee for selling/buying to/from the
utility for peer n [$/MWh]

Transaction fee for trade w [$/MWh]

Voltage angle of bus b [rads]

Distributed locational marginal price at bus b
[$/MWh]
Buying/selling/mutual
[$/MWh]

Squared current flow on distribution feeder [
[p-u.]

price for trade w
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Cuw Network usage charge for trade w [$/MWh]

dn Total power bought by peer n [MW]

ar Power bought by peer n from peers [MW]

dy Power bought by peer n from the utilily [MW]

dwf Fixed power bought from the utility by peer n
MW]

ZP / le Active/reactive power flow on distribution

feeder [ [p.u.]

Dn Total power sold by peer n [MW]

pP Power sold by peer n to peers [MW]

Do Power sold by peer n to the utility [MW]

pit Fixed power sold to the utility by peer n [MW]

2 Active power purchased by the utility from the

wholesale market at the root node [MW]

Py /al Active/reactive power output of the utility gen-
erator at bus b [MW/MVATr]

8 /v, Trade size for buyer/seller of trade w, a linear
variable for system-centric approaches, and a
binary variable for peer-centric approaches =
pv, if trade is selected, and O otherwise [MW]

Gn Reactive power output of peer n [MVAr]

Sfl Apparent power flow slack of distribution
feeder [ [p.u.]

V}fl Slack on the voltage magnitude at bus b [p.u.]

Vp Squared nodal voltage magnitude of bus b
[p-u.]

Functions

T.(9) Value of surplus energy for peer n [$/MWh]

() Cost of utility generator at bus b [$/MWh]

Cn(*) Cost function of selling peer n [$/MWh]

U.(") Utility function of buying peer n [$/MWh]

I. INTRODUCTION

HE electricity system is undergoing substantial changes

with the increasing demand for clean electricity to sup-
port electrification and net-zero targets. Increasing penetration
of variable renewables at the bulk power system level are
challenging conventional operating practices and are requiring
new services to ensure reliability and resiliency [1]. While
the need for change is becoming increasingly obvious at
the wholesale level, a similar transformation is projected to
occur at the distribution system level with the increasing
adoption of Distributed Energy Resources (DERSs) to support
decarbonisation [2].

DERs provide both a challenge and an opportunity for the
electricity industry. Unchecked widespread adoption of DERs
could quickly over-burden infrastructure and challenge exist-
ing distribution utility practices. Time sensitive peaks, reversed
power flows, and resource visibility are just a few of the
major issues that need to be addressed for cost-effective DER
integration [3]. On the upside, DERs present an opportunity
to unlock flexibility and value stacking from price responsive
prosumers when efficient incentive mechanisms are available
[4]. Significant questions remain regarding how prosumers
may participate in the overall energy system and markets.

Many leading jurisdictions are exploring structures and
entities that are best suited to supporting DER and net-zero

targets, such as distribution system operators, load serving
entities, local energy markets, and transactive energy [5],
[6]. Local energy markets and transactive energy systems
have been proposed as a solution to provide value stacking
opportunities for DERs. These solutions can be used to support
reliable system operation while maintaining transactive energy
principles such as privacy through implementations leverag-
ing blockchain [7]. Although general architectures are being
pursued to understand value streams, a complete framework
aligning peer transactions with network constraints is needed.

Transactive energy is a generalisation of Peer-to-Peer (P2P)
trading, and as such can leverage existing approaches in the
P2P literature. Transactive frameworks can be categorised
into Peer-Centric (PC) and System-Centric (SC) solutions
depending on the objective of the coordination mechanism
[8]. The elements making up a framework can be further cate-
gorised within the virtual and physical layer. The virtual layer
includes elements such as the market and pricing mechanism,
and the physical layer includes the actual power flows and
network limitations of the underlying system [9]. In proposing
a feasible transactive framework, both the virtual and physical
layers must be aligned.

Much of the existing literature on P2P markets relies upon
an SC approach [9]. These methodologies attempt to maximise
overall system welfare through a coordination mechanism.
Centralised optimisation approaches have been proposed di-
rectly coupling virtual and physical layers through virtual
power plant implementations and optimal power flow problems
[10]. These approaches challenge the autonomy and privacy
principles of transactive energy as they require access to
private customer information such as utility or cost functions,
as well as pose issues for scalability related to problem
complexity as the number of DERs increase. Auctions with
a central clearing mechanism ensuring physical constraints
are respected have been proposed in, for example, [11] and
[12]; however, these auction-based processes do not allow
for product differentiation and direct negotiation between
peers, since the bids and offers are generalized within the
auction clearing process and assigned centrally to buyer-seller
pairs. Rather than attempting to adapt centralized processes
to address these challenges, many recent works have taken
approaches which shift greater control and autonomy directly
to prosumers.

In a PC approach, peers retain decision making autonomy to
select the optimal set of transactions for their own objectives
and are not required to disclose sensitive utility and capability
information. This process ensures the security of peer informa-
tion, limits communication overhead, and allows for individual
product differentiation. Several PC approaches relying on
direct negotiation have been explored in the literature to pursue
these objectives. For example, a decomposition of the SC
P2P problem with a novel primal-dual gradient method for
decentralised clearing is presented in [13]. A multi-leader,
multi-follower Stackelberg game approach is considered in
[14] for non-collaborative P2P trading. In [15], a bilateral
contract network is introduced satisfying full substitutability
for establishing a stable outcome, while [16] includes consid-
eration of prosumer preferences for energy classes. In [17],
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the authors propose a relaxed consensus-innovation approach
adapted for bilateral trading, which allows for product and
price differentiation. These references focus on the virtual
layer without proper consideration of the physical layer.

Solutions utilising distributed optimisation and optimal
power flow techniques have been proposed that introduce price
signals considering network constraints in the physical layer,
while also addressing concerns of scalability and privacy to
arrive at a feasible, system optimal state. The authors of [18]
establish a generalised Nash game and propose a sharing
mechanism which ensures a near-optimal market equilibrium
with minimized price discrimination, but only consider a dc
power flow model for line flows without consideration of
voltages, hindering the application to real power systems.
Other approaches such as [19]-[21] use ac power flow rep-
resentations and rely on dual variables to set trade prices
while requiring only knowledge of local coupling variables for
peer decision making. In [22], the approach considers a multi-
energy network with a lower-level P2P trading problem and an
upper-level network optimisation problem considering network
reconfiguration and optional trading adjustments for feasi-
bility; however, the forced trading adjustments may violate
prosumer preferences in the case of an infeasible set of trades
rather than utilising a softer price signal to influence beneficial
behaviour. Although these approaches have been shown to be
successful in achieving similar results to SC approaches and
have been extensively discussed in the literature, alternative
PC methods using direct price negotiation between peers
and network derived prices for influencing system feasible
behaviour have also shown promise.

Alternative mechanisms to those discussed also offer the po-
tential to ensure a consistent coordination between the virtual
peer transactions and physical layer limits. A decentralised
clearing method is proposed in [23] that makes use of a
network utilisation fee based on fixed electrical distances.
For consideration of dynamic network usage, [24] explores
various loss allocation methods with additional representation
of system operators. In [25], the authors propose an efficient
direct negotiation and peer matching process with a loss based
transaction fee. A bilevel prosumer framework for decen-
tralised bilateral trading is proposed in [26], where a Network
Usage Charge (NUC) based on DLMPs and electrical distance
elements is considered, but the handling of infeasible trade sets
is not included. Reference [27] considers a bilateral negotiation
approach consisting of an initial negotiation for active power
trading without considering network constraints, followed by
a coordinated decentralised optimisation of reactive power.
This approach does not consider potential physical power flow
violations or loss distribution, and the proposed infeasible set
handling is inconsistent with the general trading mechanism.
Paper [8] extends [15] with the addition of a trade NUC
derived from DLMPs to consider physical system feasibility,
introducing a penalty mechanism to handle infeasible trade
sets; however, the proposed solution is inefficient and does
not penalise trades in proportion to their system usage.

As seen from the literature review, SC approaches fail to
provide a scalable solution respecting prosumer centric values
of autonomy and privacy, raising concerns regarding long-

term practicality. On the other hand, PC approaches have been
proposed to ensure prosumer values are respected, including
a number of approaches utilising distributed optimisation
techniques; however, existing decentralised direct negotiation
implementations do not efficiently account for the physical
layer in guiding prosumer behaviour as part of a complete,
consistent, transactive solution. Hence, this paper addresses
some of the latter issues, contributing to the advancement of
practical transactive energy frameworks as follows:

o Provide a generic transactive energy market formulation
for real-time SC and PC decision making, extending
the strictly P2P formulation to allow for local welfare
maximization in selecting transactions with exposure to
wholesale market prices.

« Develop a cohesive, consistent transaction fee mechanism
for coupling of decentralised prosumer decision making
with fixed and dynamic network considerations. The
proposed mechanism provides an intuitive representation
of network cost factors for effective coupling of vir-
tual peer transactions with the physical layer, addresses
continuity issues for infeasible trade sets, and satisfies
the remuneration requirements for the compensation and
balancing services provided by the utility.

« Propose a novel congestion clearing process maximising
high priority feeder usage while maintaining prosumer
decision autonomy. The proposed novel congestion clear-
ing process achieves efficient management of stressed
network conditions, while ensuring that the resulting
network usage approximates the optimal SC solution.

o Present a complete, decentralised transactive energy mar-
ket model that ensures an efficient and practical system
feasible, PC solution, while maintaining transactive prin-
ciples of privacy, decision autonomy, and direct negotia-
tion.

The remainder of the paper is organised as follows: Section

IT provides an overview of market formulations for P2P
networks, including a specific decentralised solution with
physical system consideration. Section III details the novel
contributions to the formulation of transactive market mod-
els, which includes a SC model as well as the novel sub-
elements necessary to provide a complete decentralised PC
transactive solution. The economic and network performance
of the models are assessed and compared in Section IV using
15-bus, 33-bus, and 141-bus benchmark distribution grids.
Section V highlights the main conclusions and contributions,
and discusses possible future work.

II. PEER-TO-PEER ENERGY MARKET OVERVIEW

P2P energy market implementations provide a foundation
which can be extended to consider Peer-to-Utility (P2U)
transactions as well. Overviews of the SC and PC P2P trading
formulations proposed in [8] are presented next, which serve
as the foundation for the proposed transactive approaches.

A. System-Centric Peer-to-Peer Trading

The SC model consists of two perspectives, the peer and
the central coordinating entity. Peer welfare is determined
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according to the utility of demand and cost of supply, while
welfare of the central coordinator is determined by the cost
of balancing the system. The first part of the model, which
accounts for the peer welfare resulting from P2P transactions,
is as follows [8]:

max oPer .= Z U.(d,) — Z Chn(pn) (1a)
= neN?® neN's

st. Up(dy) =Yn(d, —D,) ¥YneN® (1b)

P, <py, <P, VneN°® (Ic)

D,<d, <D, VYneN® (1d)

ph = Z pS, VneN?® (le)
wWE,

=" ph VneN (1)
'LUeQn

P =p, VneN® (1g)

d? =d,I, ¥YneN® (1h)

P =ps YweQ (11)

where ZF" = {d,, p,,p%,ps}, with the parameters, vari-

ables, and functions being defined in the Nomenclature Section
for this and other models presented in this paper. In this P2P
trading formulation, peers are only able to sell energy directly
to another peer, and cannot sell to the utility. The parameter
I',, can be adjusted in a range of [0, 1] to modify the amount
of demand supplied by P2P trading. This approach assumes a
fixed proportion of demand is supplied through P2P trading,
rather than determining the optimal proportion of P2P demand
according to cost and utility functions. Constraint (1i) ensures
coordination between the buyer and seller trade sizes for the
SC optimisation.

The system component of the welfare optimisation consid-
ers the physical layer using the second-order-cone ac OPF
model [28], as follows [8]:

max 0P =3 (=Cy(p})) - C"pf (2a)
=" beB
st 0= fi,_ — Z (ff —aR) —p]
Lri=b (2b)
— Pn=b + dn=p + Govp Vb€ B
0= fl?ol:b - Z (le —wXy)
ri=b (2¢)
—q] — g+ D} — Byv, Vbe B
SP> (D2 + (f2)? viec 2d)
S > (fF —aR)* + (f8 —aX)®> Vi€ L (2
Vr = Vo, = 2(Ruf + Xuf?) o6
+a(RP+XP) Vel
P2 Q\2
o1 2 M vl c E (2g)
ap
Py <p] <P, VbeB (2h)
QI<ql <Qy VbeB i)
Vi<u <V, VbeB i)

where EP8 = {p? 7 p¥ g, vp, a1, 1, ). Here, the wel-

fare of the system utility considers the cost of utility generation
Ct(p]) and the cost of energy purchased from the wholesale
market C"”p§. The model assumes that peer reactive power
output g, is controlled by the system operator to minimise
balancing costs. In a transactive system, the utility could create
a product to recognise the value of this service. The complete
system model is described in detail in [8] and [28].

Considering both the peer and utility welfare components,
the SC P2P trading formulation is:

max OPeer + ODist (33)
s.t. Egs. (Ib)—(1i) Peer constraints (3b)
Egs. (2b)—(2j) Network constraints o)

B. Peer-Centric Peer-to-Peer Trading

The PC approach to P2P trading decouples peer and utility
decision making. Ensuring coordination between the virtual
and physical layers of the peer and utility requires the addition
of a physical layer based NUC, described in Section II-B1. The
revised peer decision making criteria with consideration of the
NUC is presented in Section II-B2. The peer matching process
enabling decentralised negotiation between peers is explained
in Section II-B3. Finally, Section II-B4 describes the overall
implementation of the PC approach.

1) System Derived Network Usage Charge: An important
component of the proposed PC framework in [8] is the NUC
¢y for trade w. This pricing mechanism links the virtual and
physical layers of the P2P system by providing a price signal
derived from dynamic system conditions. The NUC is derived
using the DLMPs resulting from (2), and is calculated as
follows:

(Mo, — As,,)/2 Yw € QF
C. =
v cw +€ Yw e Q*

if OPF is feasible

. “4)
otherwise
Recognising that peers may select an infeasible set of trades
in which the DLMPs cannot be calculated, a small penalty
increment € is used. All trades included in the proposed
infeasible optimal set 2* have their NUC increased by the
same fixed increment. In the scenario that the optimal set
is feasible, all trades in the optimal set have their NUC set
to the default DLMP based value, and any prior penalty
increments are removed. This approach introduces an ap-
proximate coupling mechanism between the virtual layer and
physical layer to support convergence to a feasible solution,
but can result in sub-optimal trade selections. Trades included
in the infeasible set of trades are penalised regardless of their
proportional contribution to system infeasibility. Although the
virtual penalties are removed if a trade is included in a feasible
set, the approach to penalisation can result in penalty values
which prevent an otherwise optimal trade from being selected,
resulting in a sub-optimal solution.

2) Peer-Centric Decision Formulation: In the PC formu-
lation, peers select the subset of all possible trades which
maximises local welfare. Peers must determine the optimal
total power bought d,, and determine the least cost set of
trades to supply the P2P component of demand dF. With the
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addition of the NUC mechanism proposed in [8], peer decision
making criteria for selection of the locally optimal set of trades
is as follows:

arg max, { Z (P = Cw)Piy — Cn(pn)}

wWEN,
OF — VneN®
" arg maxQn{Un(dn) - Z (pi)u + Cw)pfu}
we,

VneN?
(5a)
s.t. pl,ps € {0,p%} Yw € Q (5b)
Egs. (1b)—(1h) Peer constraints (5¢)

The peer selection result is a locally optimal set of P2P trades
Q", which ensures df = d,,I';,. The trade specific NUC ¢, is
critical to ensuring peers consider the cost of network usage
in their decision making, since the utility system optimisation
is now completely decoupled. Similar to the SC formulation,
[8] assumes a predetermined proportion of total power bought
is supplied by P2P transactions rather than allowing peers to
determine the welfare optimal proportion. Note the absence
of the coordinating constraint Eq. (1i) since the optimal trades
are locally determined, and the addition of Eq. (5b), which
ensures pﬁ’u and p;, are binary variables equal to pv, if trade
w is selected, and O otherwise for the PC scenario.

3) Peer Matching: The PC trading architecture enables
peers to keep control of how they would like to best use their
own resources; however, a process is needed to facilitate peer
negotiation and ensure a stable solution is achieved. Thus,
as proposed in [15] and further developed in [8], the peer
matching process satisfies full substitutability for establishing
a stable outcome with direct bilateral negotiation.

The P2P negotiation process is described in detail in [8] and
[15], which begins with setting all trade prices to zero. Peers
then select their optimal set of trades according to the current
iteration trade prices and NUCs. Trade prices are incremented
if a buyer selects a trade and a seller does not. This process
is repeated until all trade prices are stable, indicating that all
trades are either mutually accepted by buyer and seller, or
rejected by the buyer.

4) Implementation: After determining the stable set of
optimal trades 2%, (2) is solved separately by the utility for
balancing and to assess the trade set feasibility. If the trade
set is infeasible, NUCs are incremented, while if the trade
set is feasible, the peer matching is checked to ensure the
solution is stable after any prior NUC updates. If the matching
is unchanged, a stable solution has been obtained, otherwise
the NUCs are updated according to the system DLMPs. The
complete PC P2P trading process proposed in [8] is illustrated
in Fig. 1, where the functions are grouped by the entity
responsible for their completion.

III. PROPOSED TRANSACTIVE ENERGY MARKET
APPROACH

P2P frameworks only consider potential transactions between
peers; however, the option to transact with either peers or
utilities should also be considered. In this context, Section

Network Usage
Charge Update

Infeasible|

.

N ’
- -Utility- === === == m == m = m ==

Fig. 1: PC P2P trading solution [8].

ITI-A extends the above SC formulation to a general transactive
model that considers possible P2U transactions. To ensure
peers consider the system cost of transactions, a novel split
pricing mechanism is also proposed in Sections III-B and
III-C. Then, a congestion clearing mechanism is proposed in
Section III-D, which coordinates with the fixed and dynamic
transaction fees to maximise high priority feeder usage, and
the criteria for decentralised PC decision making is provided
in Section III-E. Lastly, a revised peer matching process is
proposed in Section III-F as part of a complete decentralised
transactive solution.

A. System-Centric Transactive Market

Transactive energy markets are an extension of the P2P
concept, enabling not only P2P transactions but considering
the complete relationship between prosumers and utility to
derive maximum benefits from DERs through P2U transac-
tions. Additionally, peers should not have a fixed proportion
of P2P trading to satisfy demand and instead should be
able to determine their welfare optimal mix of P2P and
P2U transactions. The addition of P2U transactions changes
the role of the utility from a passive entity responsible for
ensuring a balanced system to facilitate internal P2P trades, to
a new role which allows transacting directly with peers and
thus introduce increased market opportunities by facilitating
transactions derived from external wholesale market prices.
The peer cost function C,,(-) and peer utility function U, ()
determine the problem type, which in this work are considered
to be non-linear in the general formulation. To extend the NLP
model to being fully transactive, the following modifications
to (1) are made:

max O = 3 (Un(dn) = Tiid;)
neN? 6a
+ Y (TIpE — Culp) o

neNs

st. Up(dy) =Tn(d, —D,) VYneN® (6b)
pn=ph +p, YneN? (6¢)
dy=d? +d* YneN® (6d)
Egs. (1b)—(1f) Peer constraints (6e)
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Eq. (11) Coordination constraint (6f)

where ZTPeer — {d, dP d¥ p,,pt,p%, pt,ps}. To consider
the option of P2U transactions, (6¢) and (6d) are added. The
objective function is modified to include T} and T\, which
are the fixed P2U rates associated with selling energy to
and buying energy from the utility. The utility may adjust
these P2U fees to account for cost of supply or to incentivise
specific behaviour through, for example, time-of-use pricing
mechanisms. With these additions, the SC formulation is now
generally transactive rather than limited solely to P2P.

The distribution utility welfare is modified to consider P2U
trading as follows:

TDist .__ 9\ _ w9
Lax o = bzz:g( Cy(py)) — C¥pg
€
(7a)
+ Y (Tidy — Tdpy)
neN
s.t. Egs. (2b)—(2j) Network constraints (7b)

where (7a) considers the revenue from P2U demand, and the
cost of P2U generation. The addition of P2U transactions
enables surplus local energy to be sold at the wholesale market
price to increase overall system welfare. The revenue and cost
terms from P2U transactions are included in (6a) and (7a) for
clarity; however, they are internal and are therefore cancelled
out in the following total system welfare maximisation:

max OTPeer + OTDist (83.)
s.t. Egs. (6b)—(6f) Transactive peer constraints  (8b)
Egs. (2b)—(2j) Network constraints (8¢)

B. Fixed Path Network Usage Charge

Coordination between the decoupled virtual and physical lay-
ers is necessary in the form of a pricing mechanism. Rather
than a single price as proposed in [8], a split mechanism is
proposed here consisting of a fixed cost element and dynamic
cost element for greater pricing visibility. The fixed cost
component is described in this section, while the dynamic cost
component is detailed in Section III-C.

To consider the fixed network cost element of transactions,
the unique path between buyer and seller node is used by the
transacton platform to determine a buyer-seller pair specific
NUC. These NUCs are determined using the distance based
Thevenin Impedance Method proposed for P2P trades in
[29]. The Thevenin impedance ijh between nodes i, j and
associated NUC for trade w, as well as the node specific P2U
trading prices 79 and T\ are calculated as follows:

Zij = Zu+ Zj; — Zij — Zji (%a)
cw =2", E? (9b)
T =Cv — Z1hp? (9¢)
Tl = C" + Z)  E? (9d)

where Z;; is the element in the i*" row and j*" column

of the Z;,s matrix. The transaction platform is responsible
for setting the constant scalar E%, which scales ijh to
obtain the individual trade NUC. This method allows EZ to

be scaled as necessary to cover the fixed costs of network
transactions while distributing those costs according to the
electrical distance of the transaction paths, such as the costs
of losses.

C. Dynamic System Transaction Fee

While the fixed network costs associated with transactions are
covered by the NUC ¢, an additional mechanism is required
to represent peer willingess to pay for dynamic network usage.
The method proposed in [8] introduces an incremental penalty
assigned to all individual trades included in an infeasible
optimal set; hence, rather than the general approach of treating
all trades in the infeasible set as equal, a novel approach is
proposed here utilising derived network factors to introduce
a price signal accounting for a peer’s willingess to pay for
network usage as described next.

1) Flow Constraints: The optimal set of trades may violate
feeder flow limits due to decoupling of the virtual and physical
layers. To ensure consideration of congestion in the PC trade
selection, the dynamic pricing mechanism should introduce a
transaction fee element proportional to an individual transac-
tion’s usage of limited network resources. The contributions
to congestion for individual transactions are determined using
the simplified Power Transfer Distribution Factors (PTDFs)
proposed in [11], which are calculated as follows:

oL =) — U, (10)
where W! is the injection shift factor derived in [11].

2) Voltage Constraints: In the scenario that the proposed
set of optimal transactions results in an infeasible system due
to voltage constraint violations, a network sensitivity based
mechanism is necessary to penalise trades contributing to that
violation. The first step of deriving this sensitivity coefficient
is to recover the voltage angles J; at each node as the second-
order cone ac OPF model utilises an angle relaxation [28].
The centralised angle recovery algorithm described in [28]
is used, which is guaranteed to ensure angle recovery for
radial systems. Upon recovering voltage angles, Voltage Sen-
sitivity Coefficients (VSCs) are computed using the Jacobian
associated with the Newton Rhapson method for the relaxed
system, although alternative methods may be used such as
those proposed in [30]. The derived VSCs for each transaction
are calculated as follows:

Avy = Avp — Ayj. (11)

3) Dynamic Transaction Fee Assignment: The central co-
ordinator, generally the utility, is responsible for assessing
the feasibility of the optimal set of trades and updating pro-
portional transaction fees using the above derived sensitivity
coefficients. For asessment of the trade set feasibility, the conic
relaxation of (2g) is changed to an equality constraint. This
is necessary since, although [28] proves the conic relaxation
OPF is always exact for radial networks when there are no
upper bounds on the loads, the conic relaxation can result
in a feasible solution of the OPF even when peer energy
injections would physcially violate power flow constraints in
an unrelaxed problem. A transaction fee assignment process is
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proposed in Algorithm 1 to update individual transaction fees
in the case of an infeasible set of locally optimal trades.

Algorithm 1 Transaction Fee Assignment Process

. status, feederState, nodeState = LRelaxedOPF()
. if status # feasible then
feederState, nodeState, vy, 0y = LVRelaxedOPF()
AI/;;J = VSC(U};, 55)
: for | € feederState do
Update all €, €29, €% with Eeq)éjfeederStatel
for b € nodeState do y
Update all €y, €x?, ew® with E°Av,’nodeStatey,
: Limit all changes of €., €%9, %% to magnitude F*
. return ¢

SVXRIINHE LN

—

In the scenario that a set of negotiated transactions is
infeasible, a series of relaxed OPFs are used to assess if con-
straint relaxation results in a feasible solution. This procedure
assumes that a relaxed OPF solution exists, and it also assumes
that the proposed transactions can be modified to meet system
constraints. Firstly, the function LRelaxedOPF(-) in Algorithm
1 runs the modified OPF (2) where the feeder power flow limit
constraints (2d) and (2e) become softened with the addition of
the slack variable S', which appears in the modified objective
function and associated constraints:

OLDist — ODist _ ZM(SZSZ)
leL
s.t. Egs. (2b)—(2¢), (2£)—(2j) Network constraints (12b)

S+ S8 > (P2 4+ (f9)? vieL (12¢)

SP4+ 551> (fF —awR)? + (f° — aX)? VieL
(12d)

max

SLDist

(12a)

where ZLDist = (=ZDist Gl and M is a large number.
The function returns the status of the modified OPF and
if feasible, the set of feeder and node index value pairs,
feederState, modeState, for which the proposed optimal
set of trades violates their associated limits, and where values
are 1 if the upper limit is violated, -1 if the lower limit is
violated, and null otherwise. If LRelaxedOPF(-) returns an
infeasible status, the function LVRelaxedOPF(-) is run, which
in addition to relaxing the power flow limit constraints, also
softens the nodal voltage constraints (2j) with addition of the
slack variable V;*!, which appears in the modified objective
function and associated constraints:

max
=LVDist

OLVDist — OLDist - ZM(VI)SZ)
beB
s.t. Egs. (2b)—(2c), (2f)-(2i) Network constraints (13b)

Egs. (12¢)—(12d) Feeder flow constraints (13¢)
Vi<uo+ Vel <V, VbeB (13d)

(13a)

where EWDist = [FIDiU sl and M is a  large
number. LVRelaxedOPF(-) returns the  resulting
feederState, nodeState in the same format as

LRelaxedOPF(-). The introduction of softened constraints
with slack variables ensures that the resulting solutions exceed

regular bounds only when necessary for the sake of feasibility,
thereby avoiding unnecessary changes to transaction fees.

Violated feeders and nodes are iterated through to update in-
dividual transaction fees. These fees represent the market price
for the proportional contribution of each transaction to stresed
network conditions, which for the proposed method includes
congested lines and constrained nodal voltages. Each P2P trade
w has an associated transaction fee ¢,,, and each prosumer n
has P2U transaction fees €9 and €% for selling and buying
respectively. These transactions fees are incremented by a
fixed quantity E€, which is scaled by the relevant sensitivity
coefficient. For all feeders with flow violations, transactions
are incremented according to E6<I>§j feederState; in Line 6
of Algorithm 1, where feederState; indicates the direction of
the flow violation, and ®! ; 1s used to calculate the approximate
impact on the flow of feeder [ for the buyer-seller pair of each
transaction. Hence, if feederState; and <I>lij are in the same
direction, the violation is increased and the transaction fee
is also increased; if in the opposite direction, the violation
is reduced and the transaction fee is decreased, otherwise no
change is made for a PTDF of zero. The same approach is used
for calculating the transaction fee change associated with the
VSC in the case of a voltage constraint violation, where the
product of Az/gj nodeState, will result in either an increase,
decrease, or no change to each transaction fee for each node
in nodeState.

The selection of E€ is a market design decision considering
the competing objectives of market efficiency and solution
time, where a smaller £ may provide more precise adjust-
ments to transaction fees at the cost of additional solution
iterations. In cases where a trade reduces a constraint viola-
tion, applicable transaction fees are reduced and can become
negative to incentivise constraint reducing trades. As a final
step, total penalty increments for each transaction within a
single assignment iteration are limited to the magnitude of E°.
The introduction of transaction fees, proportional to sensitivity
coefficients, ensures that the dynamic value of network usage
is considered in the PC transaction selection process.

D. Congestion Clearing Process

While the above noted transaction fees introduce a price signal
representing a peer’s willingness to pay for limited network
resources, an additional clearing mechanism is necessary to
ensure that marginal congestion is cleared efficiently. Thus,
transaction fees are incremented until congestion is relieved
in previously impacted feeders. However, an issue might arise
where as a result of incrementing the transaction fees for using
a congested feeder, a block of trades could become suboptimal,
resulting in under utilisation of the previously congested feeder
and deadweight loss of welfare.

A novel congestion clearing process is proposed in Algo-
rithm 2 to address the aforementioned issue. This process runs
when the congestion on any upstream previously impacted
feeder has been relieved, indicating that fees have been in-
cremented such that a congested feeder, and any similarly
impacted downstream feeders, has been resolved. Once the
congestion clearing process is complete, all transactions im-
plicating the relieved feeders are fixed at an optimal level and
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must remain in that state for the remainder of the negotiation
process. To achieve this, o, and ¢, are introduced as clearing
and blocking variables respectively for P2P transactions. When
ow 18 set to 1, this trade must be selected, and when ¢, is set
to 1, this trade must not be selected. Similarly, o f p“f
and d%7 are introduced for P2U trades. For P2U transactlons
that implicate the cleared feeder, o/ is set to 1, requiring that
p = p%/ and d,, = d*/ for the remainder of the negotiation.

Algorithm 2 Congestion Clearing Process

1: feederRel, feederCon, flow = FeedersRelieved()
S+ S — SVl € feederCon
for w € Q,; do
if 0, = 1 then
Update all flow; with @wawﬁw
else
if w reduces congestion VI € feeder Rel then
Update €y, 0w, flow
for n € NV do
10: if o/ =1 then
11:  Update all flow; with ®, opi’ + &, du'
12:  else
13: if Py o1d, A o1a reduce congestion V! € feederRel then
14: Update €9, e, of pf d»? | flow
15: for w € Q;,; do
16: if o, # 1 then
17: if w impacts flowV! € feederRel then

A A e

18: if w does not violate S; VI € feederCon then
19: Update €., 0w, flow

20: else

21: Update ¢y,

22: for w ¢ Q};,; do

23: if w impacts flowV! € feederRel then
24: Update <,

25: CongestionClearin, ngZU()

26: return ¢, o, s, p"

The clearing process for transactions impacting relieved
feeders is as follows: (1) function FeedersRelieved(-) estab-
lishes a set of the relieved feeders, a set of constrained feeders,
and a set of flow variables tracking relieved feeder usage; (2)
the congestion clearing limit S; is set to S} — S7®* consid-
ering a utility determined capacity 57 for the congestion
clearing process to ensure the network is able to compensate
any discrepancies between real and virtual power flows for
congested lines; (3) all transactions reducing congestion in the
relieved feeders are cleared; (4) flow variables are incremented
with usage of ‘bé ; to monitor the available feeder capacity; (5)
transaction fees are reversed to the prior iteration amount with
full feeder utilisation; (6) for P2P trades, o, is set to 1, while
for P2U transactions, %7 is set to 1 and the respective p%7f
and diﬁ’f are set to the cleared value; (7) P2P transactions are
sequentially cleared until the flow variable is at the limit .S; for
congested feeder /; (8) any P2P trades impacting the relieved
lines that are either in the optimal set but not cleared, or not in
the optimal set, are blocked; and (9) any remaining capacity is
allocated to P2U transactions as seen in Line 23 of Algorithm
2.

The order of clearing to determine which transactions are
accepted and which are blocked is as follows: (1) P2P trades
are cleared first, with remaining capacity allocated to P2U
transactions; and (2) transactions within the P2P or P2U pool

are cleared in ascending order of the associated transaction
NUC c¢,,. This ordering prioritises P2P trades above P2U
transactions, and further prioritises transactions according to
the fixed NUC, which is proportional to the electrical distance
of the transaction. The trade set Q27,, and set of peers N are
assumed to be ordered according to this logic. This method
seeks to maximise welfare; however, a fairness based approach
could be implemented with an alternative allocation of the
limited capacity. With this process, the congestested feeders
are cleared, utilising all available capacity, with all transactions
impacting those feeders fixed at a specified amount.

E. Peer-Centric Transactive Decision Formulation

Similar changes required for a transactive SC model are
required in the PC decision formulation. In addition to con-
sidering P2U transactions and welfare based determination
of P2P share, the fixed NUC, dynamic transaction fees, and
congestion variables must be considered in selecting a peer’s
optimal set of trades. The following is the MINLP transactive
PC decision criteria:

arg maxg, { — Cw)P5,
wg VneN®
+ (T = e9)pn — Cu(pn)}

arg maxg, {U,(dn) — (T + e®)d

= > (Pl ewtew)pl) VneN?

wWEN,
(14a)
st. p ApS =pY Yw|o, =1 (14b)
P2 ApE =0 Vuw|g, =1 (14c)
pr =il Vnlopt =1 (14d)
dy = dx’f Vn UZ’f =1 (14e)
Py 5 € {05} Vw e Q (14f)
Egs. (6b)—(6e) Peer constraints (14g)

The optimal set of trades for peer n now fully considers the
fixed NUC ¢, the dynamic transaction fees €,, €+9, and

n
ez’d, and the congestion clearing variables o4, Gy, 0 o zf s
and d%7f. Additionally, both buyers and sellers consider the
public mutual trade price p}; for final settlement rather than the
private buyer and seller prices pS, and p’,, needed by changes
made to the transaction matching process discussed in Section
III-F next. It is of note that the transaction fee ¢, for trade w
is fully paid by the buyer b,,, and as such does not appear in

the selection criteria of seller s,,.

F. Comprehensive Decentralised Peer-Centric Framework

The matching process is the most significant computational
component of the solution methodology, requiring multiple
iterations as individual trade prices increase until a stable set
of trades is reached. The matching process proposed in [§]
requires a complete price renegotiation each time the NUCs
are updated, since the set of trade prices is reset to zero for all
trades. Thus, the matching process proposed in [8] is modified
in Algorithm 3, accounting for the peer optimal set criteria of
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Fig. 2: Proposed PC transactive solution process.

(14), and allowing for trade price decrements in the scenario
that a seller selects a trade but a buyer does not. To ensure
coordination between the prices paid and received by buyers
and sellers for mutually agreed stable trades, the variable p!'
is introduced to track the last public mutually agreed trade
price. This price is used for market clearing rather than the
private buyer and seller prices p?, and p%, which may differ
locally from the public mutual price. These modifications
reduce the computational needs of negotiating from a trade
price of zero after any transaction fee change and also enable
a more complete negotiation process where both buyers and
sellers are able to directly influence the transaction prices. The
complete decentralised PC transactive energy market structure
accounting for all sub-processes is shown in Fig. 2, and the
corresponding full implementation is provided in [31].

Algorithm 3 Transaction Matching Process
A‘w = {pfmpfﬂjh \V/’U) € Q

1:

2: do

3 A Ay, VweQ

4:  for n € N do

5: Q;, « Q, (14)

6: for w € 2 do

7: if p&, =¥ and pS, # p* then
8: if p5, > p3, then

9: P < P+ Ap
10: Pl P
11: else
12: Pl b+ Ap
13: if p5, = p* and p’, # p* then
14: if p, < éf; then
15: P 4= P — Ap
16: P 4 P
17: else
18: Pry < Pu — Ap

19: while A%? % Ay, Yw € Q
20: return Q" :=J,, o (w | p% =ps, =p%)

IV. RESULTS

In this section, the performance of the proposed PC method is
compared against the SC approach and the PC approach in [8],

Fig. 3: Distribution test networks with peers: (a) 15-bus P2P
grid from [32], and (b) 33-bus grid from [21] and [33].

as well as the proposed SC method. Results are obtained for
the 15-bus network from [32] and a modified 33-bus network
from [21] and [33], and are illustrated in Fig. 3. Solution
performance is compared using the 141-bus network from
[34]. For all proposed PC results, E4 =1, Ef = 1, and
S7¢® = 0.001 unless stated otherwise.

A. 15-Bus Peer-to-Peer Trading Results

To compare the performance of the proposed PC approach
with the existing methods in [8], the network in Fig. 3a is
used, where the system parameters are described in [8]. P2U
transactions in the proposed implementation are restricted to
ensure comparable results with the existing P2P approaches,
and T',, is set to 1 for all peers in the existing models to
demonstrate the extreme scenario of full P2P. Note that even
in full P2P, the utility maintains responsibility for ensuring the
system is balanced and adequate according to (2).

The SC and PC set of selected trades are shown in Fig. 4.
The existing SC set of optimal trades for the 15-bus network
utilises 100% of the capacity of Feeder 11, since the cost
of supply from Peer 12 is lower than Peer 1, as shown in
Fig. 4a, and resulting in high DLMP based NUCs for trades
with Peer 12. As discussed in Section II-Bl, the existing
PC implementation’s consideration of the physical layer uses
non-proportional virtual penalties, which results in an under
utilisation of Peer 12 with only 228 kW of a possible 255
kW of supply and substantially reduced NUCs for selected
trades compared to the SC results. The addition of the dynamic
transaction fee and the congestion clearing process in the
proposed PC method ensures maximal utilisation of priority
feeders, and therefore Peer 12 optimises output. In addition
to increasing feeder utilisation, the proposed transaction fee
incentivises trading with least electrical distance peers as seen
in Fig. 4c. Thus, the capacity of Peer 12 is traded with
the least distance peers, rather than trading across the entire
network as seen in Fig. 4b. The proposed PC approach also
results in individual transaction fees and NUCs which closely
approximate those from the SC approach, whereas the DLMP
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¢-0.148/kWh ¢-0.134/kWh ¢-0.124/kWh ¢-0.112/kWh
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7-0.217/kWh
¢3.831/kWh
Existing: 2¢,

¢0.072/kWh  ¢0.048/kWh ¢0.007/kWh ¢-0.296/kWh ¢-0.238/kWh ¢-0.204/kWh
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(a)
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22 kW

24 kW
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(b)
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()

Fig. 4: P2P transactions for the 15-bus system: (a) existing
SC, (b) existing PC, and (c) proposed PC.

derived NUCs in Fig. 4c are lower. This difference is due
to the requirement for a fixed trade increment which reduces
the DLMP discrepancy for constrained peers, and since, while
the SC approach considers the peer decisions as variables, the
DLMPs derived from (2) for the PC approach take the peer
demand and production as fixed values and are therefore not
directly equivalent.

Table I compares the economic performance of the models.
The cost of buyers is calculated as Y-, o (01 + Cu + €0) P,
the revenue of sellers as ) . (piy — cw)pj,» and the trans-
action fees as Y o.(2cw) || D,cq- (2w + €w), Where
the left value is using the existing NUC approach and the
right value is the proposed approach. Since marginal utility
above minimum demand is not considered in this network, the
welfare is captured in the cost of generation, which includes
both peer owned generators and the cost of balancing by the
utility. Sub-optimal usage of Peer 12 results in the highest
cost of generation for the existing PC solution, whereas the
proposed PC solution is almost identical in cost of generation
to the SC solution in [8], with total reductions in welfare of
1.42% and 0.03% respectively compared to the SC maximum
welfare. Transaction fees in the proposed PC solution are
closer to the DLMP based fees in the existing SC approach,
indicating a more accurate approximation of the network usage

TABLE I: 15-bus network economic performance in [$/h].

Model Buyer Seller Transaction Cost of
costs revenues fees generation
SC [8] 80.94 70.8 — ] 10.13 71.25
PC [8] 79.46 79.01 — 1] 0.45 72.26
New PC | 83.01 72.33 2.68 || 10.67 71.27

Existing: 2c,,
Proposed: 2c,, + €,
Proposed: c,, + €,
¢-0.001/kWh ¢0.
¢0.004/kWh  ¢0.

180

¢0.019/kWh
Vh ¢0.070/kWh

¢0.002/KW
¢0.001/kWh
25

¢002/kWh
¢0.005/kWh

¢0.016/kWh
¢0.047/kWh

¢0.024/kWh
$0.017/kWh

¢0.073/kWh
¢0.038/kWh

180 kW 180 kW 180 kW' 80 kW 120 kW
¢0.026/kWh ¢0.027/kWh ¢0.000/kWh ¢0.000/kWh ¢0.25T/kWh ¢-0.005/kWh ¢0.003/kWh ¢0.003/kWh ¢-0.002/kWh ¢0.005/kWh
$0.023/kWh  ¢0.036/kWh ¢0.006/kWh ¢0.002/kWh ¢0.064/kWh ¢0.008/kWh ¢0.015/kWh ¢0.023/kWh ¢0.003/kWh ¢0.011/kWh

Fig. 5: Transactions for the 33-bus system using the proposed
PC method.

costs for P2P transactions than in the existing PC approach.
The discrepancy in seller revenue between the proposed and
existing PC approaches is due to the difference in transaction
fees, where the penalty mechanism in the existing PC approach
distorts the competitive market determination of trade prices
and does not accurately account for the cost of network usage.
The value of £ needs to be adjusted to ensure sufficient
recovery of dynamic operational costs for a balanced budget,
where the value of E# = 1 results in total NUCs of 0.47 $/h,
which exceeds the utility compensation cost of 0.32 $/h and
is therefore in a budget surplus.

B. 33-Bus Transactive Results

The proposed transactive models extend the standard P2P
problem by including the option of P2U transactions. Perfor-
mance of the proposed SC and PC models are assessed using
a modified version of the 33-bus network from [21], which
includes 6 selling peers and 26 buying peers participating in
the transactive market. The generator cost functions from [21]
are adjusted to increase competition [31].

The resulting transactions and transaction fees of the pro-
posed PC solution are shown in Fig. 5. The optimal PC
transactions display significant diversity, with all selling peers
involved in either P2P or P2U transactions. Peers 25 and 31
are limited in their ability to transact due to congestion on
Feeders 24 and 30. Peers prioritise least electrical distance
transactions first, confirming the effectiveness of the proposed
transaction fee. For example, Peer 6 prefers selling to Peers 7
and 8 over Peers 9 through 12, since the closer peers are able
to offer higher trading energy prices with lower transaction
fees. Peers 9 through 12 must satisfy their demand through
P2U transactions as they represent the least cost remaining
option.

Table II shows the economic results of the proposed
solutions. Considering both P2P and P2U transactions,
for the PC approach, the buyer costs are > (T} +
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TABLE II: 33-bus network economic performance in [$/h].

Model Buyer Seller Transaction Cost of System
costs revenues fees generation cost

New SC | 42.73 63.98 — || 1.87 62.94 40.41

New PC | 43.49 58.94 5.70 || 2.22 57.64 40.56

€Nl + 3 ca- (P 4 cw + €w)P, the seller revenues
ate Y, co. (P — )Pl + Spen- (T4 — €49)pk. and the
transaction fees are Y . (2¢u) || 3, cq- (20w + €w)pl, +
Snens (€t ZIEZ)dY+3 e (€9 + ZIh EZ)pY, where
the left value is using the existing NUC approach and the
right value is the proposed approach. Cost of generation only
includes the cost of generation for peers, whereas the system
cost includes net injection at the utility bus at wholesale
price C* and is thus the net cost of the system as a whole.
Note that in the proposed SC optimal solution, peer costs
and revenues are determined directly from the optimisation
solution considering net injection at the nodal DLMPs, and
transaction fees are calculated using the method described in
[8].

Both approaches result in similar buyer costs, transaction
fees, and system costs, with a slight increase compared to
the optimal SC solution due to the approximations utilised by
the transaction fee mechanism in influencing peer decisions,
representing a reduction in welfare of 0.37%. The proposed
transaction fees differ substantially from the DLMP based
NUC:s for the resulting transactions, and more closely approx-
imate the SC values since the PC DLMPs are not directly
comparable with the SC DLMPs as the peer decisions become
fixed inputs to (2) for the PC approach rather than central
decision variables. While seller revenues are higher in the
proposed SC approach due to a direct consideration of system
export value through DLMPs, the net profit of sellers after
accounting for the peer cost of generation is actually higher
in the proposed PC approach, with net seller profits of 1.30 and
1.04 for the PC and SC approaches, respectively. Comparable
net system costs demonstrate that the proposed PC solution
is still economically efficient while maintaining transactive
and decentralised principles. The utility is in a budget surplus
from the resulting transactions, as the total revenues are 10.33
$/h for P2U energy sold, 0.50 $/h for NUCs associated with
P2U transactions, 0.84 $/h for NUCs associated with P2P
transactions, and 17.08 $/h from net wholesale transactions,
whereas the total costs are 27.99 $/h for P2U energy purchases.
This results in a net budget surplus of 0.76 $/h.

C. 33-Bus Transactive Constrained Results

Simulation results for a constrained 33-bus network are in-
cluded to further demonstrate the performance of the proposed
method in addressing stressed network conditions. To accom-
plish this, the general network topology remains the same as in
Fig. 3b; however, additional modifications are made to feeder
power flow limits and cost curves of the selling peers to create
a more constrained example. Most notably, apparent power
flow limits for Feeders 1 through 5 are reduced to 4 MVA
such that the network is export limited; the apparent power
flow limit for Feeder 6 is reduced to 1 MVA to simulate an

o 80 v,szo kW120 kwmo kWAOD kW120 kW120 kW 90 kW 120 kW120 kw
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Fig. 6: Results for the 33-bus constrained system using the
proposed PC method: (a) network transactions, (b) Feeder 1
transactions, and (c) Feeder 6 transactions.

operational line limit reduction; and the cost curves of Peers
6 and 18 are swapped such that Peer 6 is now one of the
cheapest sellers and Peer 18 is the most expensive. For the
simulation results, S7°® is set to 40 kW to ensure the utility
can compensate as needed using congested lines, which was
chosen based on the observed network capacity deficiencies
when relaxing line limits to address infeasible solutions.

The resulting PC transactions are shown in Fig. 6a, where
the implemented changes result in increased production for
Peers 6 and 18, reduced production for Peers 22 and 31,
and relatively unchanged production for Peers 2 and 25. The
reduced production for Peer 31 is a result of the improved
economics of Peer 6, with Peers 28 and 29 now buying from
Peer 6 rather than Peer 31, and the congestion on Feeder 30
is no longer present.

The system becomes export limited with congestion clearing
completed for Feeder 1 and resulting in all P2U transactions
being fixed and shown in Fig. 6b. Prior to congestion clearing,
the respective optimal P2U selling for Peers 2, 6, and 26 is 2.5,
1.17, and 2.9 MW. With the increment of transactions fees for
transactions impacting Feeder 1, the constraint is relieved and
congestion clearing process is initiated. With the specified S °°
of 40 kW, the congestion clearing process seeks to clear 3.96
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MW of net export, with inclusion of 1.74 MW of imports for
P2U buyers, and up to 5.7 MW of P2U selling. The congestion
clearing seeks this objective successfully while ensuring no
constrained lines are violated. Peers 2 and 6 have their entire
optimal P2U selling cleared, and Peer 25 is restricted below
the theoretical remaining capacity of Feeder 1, since clearing
this value of 2.03 MW would violate the clearing limit of
Feeder 24, thereby restricting Peer 25 P2U selling to 1.96
MW and achieving a net transaction export of 3.89 MW.
The resulting physical export is 3.77 MW, which is less than
the virtual transaction export when system compensation for
losses is accounted for, and less than the SC optimal export
of 3.99 MW. It is also noteworthy to observe that in the
constrained network generation of Peer 22 is reduced to 0 MW
and those peers originally buying from Peer 22 now choose
P2U transactions. This occurs as the P2U transaction fees
for buying become negative with export congestion, resulting
in favourable economics for P2U rather than the closer P2P
option.

The operational limit reduction of Feeder 6 is also a major
constraint on the network, resulting in forced utilisation of the
more expensive Peer 18 over Peer 6. The directional capacity
of 0.96 MW for Feeder 6 is fully utilized in the supply of
Peers 7 through 10 by Peer 6, requiring the remainder of
the Peers downstream from the congestion to be supplied by
Peer 18. Although the virtual flow on Feeder 6 is only 0.96
MW, the real flow resulting from the final transaction is 0.995
MW, demonstrating the importance of the reserved power flow
capacity such that the utility can feasibly balance the network.

D. Scalability of the Proposed Solution

To assess the scalability of the proposed PC solution, the
performance of the 141-bus network from [34] with generator
parameters described in [8] is compared with the 15-bus and
33-bus networks. The results shown in Table III were obtained
on a server with Intel® Xeon® Silver 4214 CPU implemented
in Python 3.9 and using the Gurobi 10.0.1 optimisation solver.
The time is calculated assuming that the peers or agents solve
their sets of trades in parallel. The time for each iteration
consists of the longest individual peer or agent decision time,
and the process time associated with utility responsibilities
such as solving the OPF, transaction fee assignment, and con-
gestion clearing. The number of iterations is largely dependent
on the discrepancy between initial transaction prices and the
final clearing price rather than the system size. Convergence
performance is also generally influenced by market design
parameters including Ap, p¥, EZ, and E€ which balance
overall market efficiency and solution performance, along with
how constrained the system is in facilitating locally optimal
transactions. Considering the time per iteration, it is shown that
the normalised performance is approximately linear. For real-
time applications, division of the network into localised sub-
networks with an upper coordination layer may be necessary.

TABLE III: Comparison of PC solution performance.

Network Price Outer Time [s] Time per
iterations | iterations iteration [s]
15-bus 406 43 153.23 0.38
33-bus 111 8 303.09 2.73
141-bus 227 13 424413 18.70

V. CONCLUSION

This paper extended existing peer-to-peer market formulations
to develop a general transactive market design for both system-
centric and peer-centric objectives. In addition, a decentralised
peer-centric energy market was proposed consisting of a peer
negotiation process, and new transaction fees and a congestion
clearing mechanism to ensure a stable, feasible solution. The
proposed transactive fee mechanism introduced a consistent
and comprehensive price signal considering the fixed and dy-
namic network usage cost for individual transactions, ensuring
coupling of the physical and virtual layers. The congestion
clearing process ensured that network resources were allocated
in an efficient manner for their optimal usage. The simulated
results confirmed the effectiveness of the approach, yielding
similar overall system costs as optimal SC solutions. Solution
time per iteration was found to be approximately linear to
network size, identifying the need for localised sub-networks
in real-time applications.

Potential areas for future work include the addition of
marginal utility for peers; expanding the solution horizon to
multiple time periods, in which case consideration of peer
behavioural uncertainty is necessary; introducing intertemporal
considerations for resources such as battery storage or electric
vehicles; and developing additional products rewarding bene-
ficial peer behaviour such as reactive power provision.
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