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ABSTRACT

Peer-to-peer trading has emerged as a complement to traditional electricity supply models, with
potential benefits for residential consumers and grid infrastructure. This study presents a model-
based comparative analysis of three peer-to-peer market designs: auction-based pricing (ABP), supply-
demand ratio pricing (SDR), and mid-market rate pricing (MMR), under both real-time pricing and
fixed retail pricing. Unlike most prior work, our study incorporates long-term investment decisions
and examines local grid issues. This enables a comprehensive evaluation of how different P2P pricing
designs affect distributed energy resource (DER) adoption, consumer costs, system efficiency, and grid
stress. We also assess whether P2P trading provides added value in settings where consumer decisions
are already coordinated by dynamic prices. Our results show that peer-to-peer trading significantly
reduces consumer electricity costs, but savings are less pronounced under dynamic pricing contracts.
Of the mechanisms evaluated, ABP yields the lowest total consumer cost but can exacerbate local grid
issues. In contrast, the MMR and SDR mechanisms alleviate congestion by spreading peak offtake and
injection more evenly. Notably, we show that peer-to-peer trading could serve as a potential alternative
to real-time pricing contracts, offering comparable benefits in terms of self-consumption and cost
savings, while shielding consumers from price risk.

Nomenclature Tcap  Capacity distribution tariff [€/kW].
Parameters neh Charging efficiency of storage [-].
Ar Time step [h]. nie Discharging efficiency of storage [-].
5 Self-discharge rate of storage [-] PIC}  Perceived annualized investment cost of storage for con-
i ) A - sumer i [€/kWh/year].
A d: Retail electricity injection price at hour 7 on day d s . . . .
’ [€/kWh] PIC;"  Perceived annualized investment cost of storage inverter
i Retail el ’ tricity offtake price at hour £ on day d [€/KWH] for consumer i [€/kW/year].
S ctaf electriclly ofitake price alhour t on day ’ PIC?  Perceived annualized investment cost of solar PV panel
cap’®  Maximum capacity of solar PV on one side of the rooftop for consumer i [€/kW/year].
[kW]. PIC? “" Perceived annualized investment cost of solar PV inverter
cap’ Maximum energy capacity of residential storage [kWh]. for consumer i [€/kW/year).
w'ni Maximum injection power [kKW]. Variables
we/7 Maximum offtake power [KW]. /lzl‘,y P2P market electricity buying price at hour 7 on day d
I, Weight of representative day d [h]. [€/kWh].
) . oy . 2 1 1cl
AF) il. Availability factor of solar PV on the first rooftop orien- Az;" General P2P market price (for electricity traded on the
o : . P2P market) at hour ¢ on day d [€/kWh].
tation of consumer i at hour 7 on day d [-].
AF 5?21. Availability factor of solar PV on the second rooftop A P2P market electricity selling price at hour  on day d
orientation of consumer i at hour # on day d [-]. [€/kWh].
B, Binary parameters that indicate whether a representative Aa Wholesale electricity price at hour f on day d [€/kWh].
day d falls within a specific month m [-]. cap’ *' " Solar PV capacity of consumer i on the first rooftop
CR Charge/discharge rate of storage [-]. orientation [KW].
Df}’i EV demand of consumer i at hour ¢ on day d [kW]. cap’ 2 Solar PV capacity of consumer i on the second rooftop
D,,;  Non-controllable electricity demand of consumer i at hour orientation [kW].
t on day d [KW]. ch%?. EV charging of consumer i at hour  on day d [kW].
kv Initial energy content in EV battery at the beginning of e, EV energy content of consumer i at hour 7 on day d [kKWh].
each day [kWh]. inj,,  Total injection of all consumers at hour 7 on day d [kW].
Occy,;  Occupancy of consumer i at hour 7 on day d [-]. of fy, Total offtake of all consumers at hour 7 on day d [kW].
peak,,, Mgnthly minimal offtake peak used to calculate capacity peak,,; Peak offtake of consumer i in month m [kW].
tariff [kW]. w:l"{l Electricity injection of consumer i at hour ¢ on day d
*Corresponding author [kW].
2] yucun. lu@kuleuven.be (Y. Lu); jelle.meus@kuleuven.be (J. Meus); w;{f; Electricity offtake of consumer i at hour ¢ on day d [kW].
chiara.gorrasi@kuleuven.be (C. Gorrasi); erik.delarue@kuleuven.be (E. " . ,
Delarue) cap; Storage energy capacity of consumer i [kWh].
ORCID(S): cap?’ Capacity of the storage inverter of consumer i [kKW].

Yucun Lu, Jelle Meus, Chiara Gorrasi, Erik Delarue: Preprint submitted to Elsevier

Page 1 of 17



A model-based comparative study of peer-to-peer market designs

cap?  Total solar PV capacity of consumer i [kW].

ca i”[ Capacity of the solar PV inverter of consumer i [kW].

chy,;  Storage charging of consumer i at hour ¢ on day d [kW].

dc,,,  Storage discharging of consumer i at hour ¢ on day d
[KW].

€y si Storage energy content of consumer i at hour ¢ on day d
[KWh].

e Solar PV generation of consumer i at hour 7 on day d

[kWT].

1. Introduction

1.1. Context

In response to the rapid growth of distributed energy
resources (DERs), peer-to-peer (P2P) trading has emerged
as a promising new electricity supply model. In contrast to
the traditional electricity supply structure where consumers
purchase and sell electricity from and to retailers, this new
model allows consumers to trade electricity directly with
other consumers [8]. Following its introduction in the EU
Clean Energy Package [39], P2P trading has been introduced
in several Member States, such as Germany and Netherlands
[19].

P2P trading offers several benefits to residential con-
sumers, including more favorable rates, stronger incentives
for DER investment, and a greater self-consumption of lo-
cally produced renewable electricity [31]. It furthermore
holds the potential to reduce long-distance power trans-
mission, thereby alleviating grid congestion and reducing
transmission losses [8]. P2P trading can furthermore support
the local grid by lowering peak demand, potentially lowering
operational and maintenance costs while improving overall
system reliability [41].

In recent years, numerous studies have explored different
designs of P2P markets to achieve the aforementioned ben-
efits. These studies cover a variety of topics such as encour-
aging consumer participation [40], addressing challenges
on privacy and cyber vulnerabilities [2, 45], accommodat-
ing diverse user preferences in electricity trading [37, 32]
and integrating P2P markets into existing electricity market
structures [11, 24]. The remainder of this introduction is
devoted to the literature on P2P trading that is most closely
connected to this paper, namely the design of P2P pricing
mechanisms.

1.2. Literature on P2P market designs

Researchers have focused on different P2P pricing mech-
anisms and their implications. Indeed, it has been shown
that the pricing mechanism can significantly affect consumer
behavior, electricity bills, network congestion, as well as
social welfare. Before discussing the main findings in the
literature, we first need to distinguish between homogeneous
and heterogeneous pricing mechanisms. Homogeneous trad-
ing implies that all participants see the same price during
a particular trading period, whereas heterogeneous pricing
implies that buyers and sellers can negotiate prices bilater-
ally and thus see different prices depending on their counter-
party [21]. This paper exclusively considers homogeneous

pricing mechanisms. In contrast to heterogeneous pricing,
homogeneous mechanisms simplify the trading process by
eliminating the need for direct negotiations. In addition, we
aim to draw general conclusions, while the outcomes of
heterogeneous pricing are heavily influenced by individual
consumer preferences’.

Common homogeneous pricing mechanisms are bill-
sharing (BS) [49], mid-market rate pricing (MMR) [18],
supply-demand ratio pricing (SDR) [25], and auction-based
pricing (ABP) [47]. Each of these mechanisms has unique
characteristics which will be detailed in Section 2. That
said, not many studies have evaluated and compared these
different mechanisms. Table 1 classifies the few studies that
do, based on their modeling approaches, the market mecha-
nisms and contract types included, and the key performance
metrics.

Most studies focus on the impact of P2P trading on
consumer electricity bills. In [26], the authors consider three
representative market mechanisms and show that both the
MMR and ABP methods can achieve greater energy cost re-
ductions than Bill Sharing (BS). Similarly, [49] and [16] find
that the SDR mechanism reduces the consumers’ electricity
bills even further. Note that these studies typically pair these
markets with a flat retail or time-of-use (TOU) contract?.
[20] explores a different approach by considering an auction-
based P2P market integrated with a real-time pricing (RTP)
tariff. Additionally, Zhang et al. explore the performance
of various P2P market designs under dynamic pricing and
find that the ABP mechanism favors electricity sellers while
the SDR mechanism provides greater benefits to electricity
buyers [47].

Some authors examine the interplay between P2P trading
and the load on the distribution infrastructure. For example,
[48] and [17] show that P2P trading in general can effectively
better balance local generation and demand while reduc-
ing the overall peak load. These papers, however, do not
compare different pricing mechanisms. To our knowledge,
only Le Cadre et al. comprehensively explore the impact
of different P2P trading mechanisms on the grid. They find
that heterogeneous pricing tends to increase line congestion,
while uniform pricing mechanisms can alleviate the burden
on the grid [23]. We refer to [9] for a review of how local
energy markets affect low voltage distribution systems.

A final element concerns the impact of P2P markets on
consumer investment decisions. Most analyses focus only
on operational aspects with exogenously determined DER
technologies (see Table 1). An exception is [30], which opti-
mizes the investment and operation of DERs in a community
microgrid using a two-stage optimization model. Likewise,
[7] simulate an energy-sharing neighborhood on the IEEE-
33 bus test system, accounting for both DER investments
and distribution network planning. Their findings highlight

Hetegogeneous pricing furthermore closely resembles auction-based
markets (explained later) if trades share a common valuation across partic-
ipants [23].

2A TOU tariff is an electricity pricing structure that the cost of elec-
tricity varies based on different time periods of the day, typically divided
into peak, off-peak, and sometimes mid-peak hours.
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Table 1

Overview of research papers comparing different market designs and retail contracts.

Paper Year Model Market mechanism Contract Investment  Price  Cost  Self-consumption  Grid
[49] [2018]  Game theory BS,MMR,SDR Flat&TOU X X *
[31] [2017] Simulation ABP & BT Flat X X X
[23] [2020]  Optimization ABP & BT Flat X X
[26] [2017] Simulation BS, ABP, MMR Flat X
[30] [2019]  Optimization ES TOU X X X
[20] [2022] Simulation ABP RTP X X
[47] [2019] Simulation ABP, MMR, SDR Flat&RTP X *
[16] [2020]  Game theory MMR, SDR, BS, ES Flat X
7 [2021]  Optimization ES Flat X X X

This paper / Game theory ABP, MMR, SDR Flat & RTP X X X X X

We classify all models that involve a (non-)cooperative game and attempt to find a Nash equilibrium as game-theoretic models.

ES: A general implementation of a collective energy-sharing community, designed without focusing on profit allocation or local market
pricing. BT: Bilateral trading. Flat: Flat retail rate. TOU: Time-of-use rate. RTP: Real-time pricing contract.

*: Only assess grid impact limitedly, such as evaluating peak power levels without implementing a power flow model.

that P2P mechanisms can influence investment decisions
and may significantly reduce overall planning and operating
costs.

While existing studies offer valuable insights into P2P
pricing mechanisms, several key limitations remain. In par-
ticular, few studies address how different pricing rules influ-
ence long-term DER investment, how P2P markets interact
with dynamic retail prices, or how different designs impact
the distribution grid under a unified framework. These spe-
cific gaps, which are summarized and addressed in the next
section, motivate the core contributions of this paper.

1.3. Research gap & contribution

We evaluate the impact of different P2P market designs
on consumer behavior, DER investments, electricity bills,
and grid infrastructure. Table 1 situates our contribution.
The overall goal is to provide a comparative study that
evaluates different P2P electricity trading mechanisms. We
aim to address three critical gaps identified in Table 1, which
are discussed next.

First, most existing P2P market studies overlook the
impact of P2P pricing mechanisms on long-term investment
decisions. As noted in the literature, prior works typically
assume exogenous DER configurations and focus only on
operational outcomes. As we will demonstrate, some market
designs may incentivize inefficient DER investments that
offer short-term gains to participants but reduce overall
social welfare. To address this limitation, we develop a
modeling framework that endogenously mimics consumers’
DER investment behavior, depending on the P2P design.

Second, very few studies integrate dynamic pricing con-
tracts with P2P markets. Such contracts are increasingly
being adopted in Europe, and so it is crucial to assess the
added value of P2P trading in environments where hourly
price signals already coordinate consumer behavior. We
explicitly compare P2P outcomes under both flat-rate and
real-time pricing contracts to examine whether local markets
remain advantageous under both systems.

Third, the existing literature primarily focuses on con-
sumer bills, while neglecting broader implications for the

energy system, i.e. the overall system efficiency or the im-
plications for the local grid. Our study includes a power
flow model to evaluate how different market designs affect
distribution-level grid performance.

Additionally, we offer a broad evaluation that incorpo-
rates multiple sensitivities to (i) ensure robustness and (ii)
provide insights into which market structures are best suited
to specific circumstances.

The remainder of this paper is structured as follows.
Section 2 introduces the P2P market mechanisms evaluated
in this paper. Section 3 describes the modeling framework
and solution algorithm. Section 4 outlines the case study
data and set-up, and Section 5 presents the results. Section 6
concludes.

2. Market mechanisms

This study examines three common P2P market designs:
the mid-market rate (MMR), supply-demand ratio (SDR),
and auction-based pricing (ABP), as well as a baseline case
without P2P trading. We exclude the bill-sharing mecha-
nism, as it provides limited incentives to engage in P2P
trading and produces outcomes similar to a non-P2P trading
set-up [49].

All three P2P market designs follow key principles from
[25] and share some common features. First, the local P2P
price remains within the bounds of retail offtake and injec-
tion prices, ensuring that consumers prefer to trade among
themselves rather than with the retailer. Note that for both
fixed and dynamic retail contracts, the offtake price is always
higher than the injection price due to additional costs such
as network fees, levies, and taxes. The gap between offtake
and injection prices, however, is higher for fixed contracts
because they also internalize the profile cost”.

Second, many P2P systems can be thought of as con-
sumers engaging in two separate types of transactions: trad-
ing what they can locally on the P2P market, and trading the

3 An offtake profile is more expensive than an injection profile because
PV typically produces when wholesale prices are low [28].
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residual offtake or injection with the retailer. These transac-
tions are priced differently. Electricity bought or sold to a re-
tailer is respectively valued at the offtake price (1°//) or the
injection price (A"/), while P2P transactions are valued at
a local price (AP?P) that depends on the pricing mechanism
and thus lies somewhere in between these extremes. In the
remainder of this paper, we take on a different perspective
and define a weighted average buying or selling price. This
is necessary because some pricing mechanisms do not allow
for the separation of retail and local prices, making it difficult
to compare the different designs. Specifically, we define a
weighted average of the retail and local prices, with respect
to quantities traded with the retailer and the P2P market. One
can interpret this price as the average price that the consumer
is exposed to. To be precise, we define the average buying
and selling price as:

Afmy - ﬁ.tPZP . xof f.P2P + Arﬂff . xof foret )

Afe/l — ﬂrP2P 3 xinjA,PZP + /1;'"]' . xinj,ret (2)

With the prices defined as before, and x°//-P2P and
p

x0/Tret respectively the fraction of offtake bought locally
and from the retailer (likewise for injection). For example,
if local production is below local demand, the participants
that are offtaking need to buy the deficit from the retailer
(x°f/¢t > 0) and see an average buying price higher than
the local P2P market price. All injection can be consumed
locally (x"™-"¢" = () such that the average injection price
equals the local price.

2.1. Mid-market rate

In the MMR mechanism, the local P2P price at a given
moment is computed ex-post as the simple average of the
retailer’s offtake and injection prices:

Afff+/1inj )
2
Following the conventions defined above (Egs. 1 - 2),
one can compute the consumer’s average buying and selling
price depending on whether the local market experiences a
surplus or deficit (see Figure 1 for a visualization):

P2P _
A0 =

pRENwILY .
Abuy: . 2 : P Of f; < Inj, @)
t nj, AT +AY +(- Inj, )./{off Off, > Inj
o752 o7 07
of [, 4in
Offy AT HA _ O Siy, 4ini i
asell — lr}j/, 2 +a Inj; ) At Of f; < Inj, )
t 2 i
SR off, > Inj,

2.2. Supply-demand ratio

The SDR mechanism, introduced by Liu et al. [25], is
commonly implemented in P2P energy markets [49, 16]. As
for the MMR approach, a market coordinator can calculate
the consumer’s buying and selling prices ex-post using their
offtake and injection data.

This mechanism’s central principle is that local market
prices should reflect the local energy balance, incentiviz-
ing participants to consume when local electricity is avail-
able. To achieve this, the average buying and selling price*
depends on the local supply to demand ratio (SDR, =
inj,/of f,). We refer the reader to [25] for the exact spec-
ification and instead only illustrate the principle in Figure
1. The figure shows that when the SDR is low, i.e. when
local injection is scarce, the selling price approaches the
offtake price and consumers are encouraged to inject more.
On the other hand, when local injection is abundant, the
buying price falls to the injection price and the system hence
encourages more consumption (while reducing the value of
injection).

2.3. Auction-based pricing

With ABP, the P2P market functions as an auction sys-
tem where participants submit bids and offers to a market
coordinator. Participants must specify their trading volumes
and bid prices, after which the market coordinator clears
the local market and determines the market price. Since the
local P2P market cannot always maintain energy balance
independently, it relies on external transactions. The retailer
can hence be interpreted as an auction participant who sells
at retail offtake prices and buys at retail injection prices. As
aresult, the market-clearing price always falls between these
two retail rates: the price equals the injection price when
supply exceeds demand and vice versa. In a balanced market,
the price can fall between these extremes and is influenced by
factors like the opportunity cost of stored energy. Note that
the system is much more involved than the MMR and SDR
mechanisms, which can just compute buying and selling
prices ex-post based on trading volumes.

3. Methods & Assumptions

We focus on a local P2P market where participants
can exclusively trade within their feeder. Volumes traded
with the retailer are subject to transmission and distribution
network costs, as well as taxes and levies. Volumes traded
locally, however, are exempt from transmission charges and
taxes. P2P trading remains subject to distribution grid tariffs
as it utilizes the distribution network. This setting is common
in pilot P2P projects, such as the Quartierstrom project in
Switzerland [1].

Figure 1 illustrates the general setup. We examine eight
cases by combining three P2P market mechanisms and a
conventional non-P2P trading setting, with both an RTP and
a flat retail rate contract. In both contract types, the retail
offtake price includes an energy cost component, network
charges, and taxes. Within the P2P market, all consumers
are assumed to adhere to the same contract type, with retail
prices set exogenously and applied uniformly to all partici-
pants.

4We would like to emphasize that we are referring here to the buying
and selling price, see above. This is one of the mechanisms where it is not
easy to distinguish between the local price and the retail price.
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Retailer: Two contracts "
=
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y (DRTP Aorr = @A+ by <
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Calibration Hour[one den)
K ARTP.RLP
(2)Flat rate Aofs = ZZT Grid tariff & Tax
RTP <
rn _ ZATTT - SPP
inj Y.SPP
1 Retail price ( Ay75 & i)
P2P market coordinator: Three market designs P2P price
MMR >DR ABP (AP2P) Consumer
_______ )_‘—_6':?_"_"_ 7;§$ gell ’ O AT 7:%: gell ’ § 7g_fger :
—| uy — u < —Bi P
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] R o E < Min. (6)
Offtake s.t.(7) — (29)
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_______ Adni .. PR W 11) iecti
0.0 0.5 1.0 1.5 2.0f(0.0 0.5 1.0 1.5 2.0 I In]?.,f?lon
total injection/total offtake total injection/total offtake Electricity [kWh] (W 1) . . .

Figure 1: Overview of P2P market modeling setup. NOP: no P2P market, MMR: mid-market rate, SDR: supply-demand ratio,

ABP: auction-based pricing. RTP: real-time pricing.

The primary focus of this study is the P2P market,
highlighted by the red rectangle in the figure. We model
the interactions between the consumers and the local market
coordinator as a non-cooperative game, for which we assume
that all participants are rational price takers with perfect
foresight. The goal is to establish a Nash equilibrium where
no consumer can improve their outcome by changing strate-
gies, given the decisions of others. The analysis is based on a
deterministic setup in which P2P market prices and trading
quantities are determined simultaneously and known with
certainty. In reality, however, this is not the case. P2P prices
should likely be communicated to consumers beforehand
in order to incentivize a proper response. Since the pricing
mechanisms discussed in Section 2 require information on
offtake and injection volumes, these P2P prices are not
known with certainty beforehand. A potential solution is to
introduce a coordinator who announces prices ahead of time
based on predicted volumes. This, however, does introduce
the risk of forecast errors and potential deviations from ex-
pected behavior. Addressing these real-world uncertainties is
beyond the scope of this study and is left for future research.

Each residential consumer in the P2P market is mod-
eled as an independent decision-maker who minimizes their
electricity bill by optimizing investment and operational
decisions for one representative year. We represent the year
at an hourly resolution with representative days to account
for seasonal and daily variations. The model assumes a
greenfield setup with no existing installations. Consumers
can invest in solar photovoltaic (PV) systems and battery
energy storage systems (BESS). Each household is also

assumed to own an electric vehicle (EV) for daily com-
muting. While consumers’ electricity demand is considered
uncontrollable, their demand flexibility is approximated via
EV charging and the inclusion of storage as an investment
option. The market coordinator, which could function either
as an algorithm-driven virtual platform or as a traditional
intermediary, manages all transactions in the market and
determines the P2P market price based on one of the three
designs detailed in Section 2. As the local market is unlikely
to be self-sufficient in all time steps, the coordinator also
interacts with the retailer to trade any electricity deficit or
surplus.

The remainder of this section presents the consumer’s
decision model (Section 3.1), the algorithmic procedure for
computing the equilibrium (Section 3.2), and the power flow
analysis (Section 3.3).

3.1. Decision model of consumers

The objective of each residential consumer is to mini-
mize their annual electricity bill, as defined by Equation 6.
Consumers optimize their electricity offtake (wof U -) and in-

jection (w J ) quantities. They can invest in solar PV (cap )
and household batteries, and can furthermore flexibly charge
their EV.

Their bill comprises energy”, investment and distribu-
tion costs. The energy cost is based on the P2P buying and
selling prices (4% A5¢11), as defined in Section 2. In the

dt’
cases without a P2P market these are replaced by the retail

5The energy cost, as previously mentioned, includes the pure energy
cost combined with transmission network charges, taxes, and levies.
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offtake and injection prices (ﬂzftf , /IZ’{ ). Investments are

associated with unique perceived investment costs (PIC).
Specifically, we assign unique discount rates to each con-
sumer to capture consumer heterogeneity, reflecting differ-
ences in risk tolerances, market perceptions, future uncer-
tainties, and other factors that shape the perceived costs and
benefits of DER investments. Concerning the distribution
grid cost, consumers pay a capacity tariff based on the
average monthly peak offtake (peak,, ;), inspired by the tariff
structure currently implemented in Flanders [44].

in ° buy 9ff sell lVlj pU - pl)
l;,ln,l : Z Hd (/1 Wy i Ad,l d f, 1) + PIC P
‘€l geDrer

+PICM - cap”" + PIC: - cap} + PIC}" - cap’

- Z peaky,;/12 - Tcp

meM
x; € {wzftj: wd“ cap? capf”i,capf, capfi,gf;’b;,i,chd,,,,-,dcd,,,i,
peak,, ;, eqrisC th:/’ [ﬂ/‘} 6)
s.t. wzf,/’ Z’ﬁl =Dy,i— gsi’i +chy,;—dey, ;i + chd it
Vvd e D,teT (N
0<gl <AFI -capl”' + AF}" . cap!'®, VdeD,teT
®
0 < cap!”! <cap™ ©)
0 < cap*® < capr (10)
cap‘.w2 + cap‘.w1 = capfv (11)
gdtl<cap , YVdeD,teT (12)
eqi =0 =8) equy;+chy - Ar—dey,; - Ar/n®,
vd € D,t € T/{1} (13)
e =(1—=8)-cap’/2+chy,; 1" At —dcy,,; - Aty
Vd € D 14
eqr;=cap;/2, Yd €D (15)
0<ey,;<cap;, VdeD,teT (16)
0<chy,; <cap, VdeD,teT a7
0<dcy,; <cap{’, VdeDteT (18)

0<chy,; <CR-cap!, VdeD,teT (19)
0<dcy,; <CR-cap;, VdeD,teT (20)
0<cht? <welf-Occy,;. VdEDET @)
chlil -n"-Ar+elV =elV. VieDieT/{1})  (22)
chil -n™-Ar+eft =€l VdeD (23)
DiY +eny <eir., VdeD (24)
DjV <elV. vdeDieT (25)
0<w)! <wni, VdeDiteT (26)
0<wf <weif, vaeprer @7
peak,,; > B, - wi’, VmeM,deDiteT (28)
peak,, ; > peak,,, Vm€ M,t€T (29)

The behind-the-meter energy balance for each consumer
is determined by Constraint 7, linking hourly net offtake with
consumer’s demand (D, ;), electricity charged (ch,, ;) or
discharged (dchy,,;) from storage, EV charging (ch}} ), and
solar PV generation (gli 1/’) Solar PV can be 1nstalled on
two sloping sides of a gabled roof. Constraint 8 limits PV

generation to the capacity installed on both sides adjusted
by their dedicated availability factors (AF" °l and AF 0 Lﬁ)
PV output is restricted to inverter capacity by Constraint 12,
and Constraints 910 account for limited rooftop area.

Constraint 13 tracks the household battery state-of-
charge, accounting for the self-discharge rate 6 and efficien-
cies ¢ and #%¢. Cyclic boundary conditions are imposed by
Constraints 14 and 15. Limitations on charging, discharging
and energy capacity are imposed by Constraints 16 - 20.

EV charging is governed by Constraints 21 - 25. Con-
straint 21 imposes a physical limit on the EV charging
power, while ensuring that charging is only possible when
the vehicle is physically available, as indicated by the binary
parameter Occ, ;. Constraints 22 and 23 update the EV’s
state-of-charge. Constraint 24 ensures that the total electric-
ity charged daily meets the EV’s daily usage requirements,
while Constraint 25 guarantees sufficient charge to satisfy
immediate mobility needs.

Finally, Constraints 26 - 27 enforce connection capac-
ity limits, imposing physical restrictions on injection and
offtake. Constraint 28 determines consumers’ monthly peak
offtakes using the binary parameter B, , that indicates
whether a representative day d falls within a specific month
m. Constraint 29 establishes a minimum monthly peak, and
both constraints are used to calculate the distribution cost.

3.2. Solution algorithm

The Nash equilibrium modeled in this paper is generally
solved using an iterative approach. In each iteration, every
consumer optimizes their objective based on the governing
prices. Given the resulting offtake and injection profiles, the
coordinator (re)computes the local P2P market prices fol-
lowing the pricing rules described in Section 2. Consumers
subsequently re-optimize their decisions based on updated
prices, and so on. The process continues until the consumer’s
decisions and the governing P2P prices are consistent, i.e.
until the Nash equilibrium is reached. We refer the reader to
Appendix A for a more detailed description.

An exception to this approach is the auction-based pric-
ing mechanism, which is solved through a single-objective
optimization problem that maximizes social welfare to expe-
dite the solution process. The overall market structure of this
design is equivalent to a centralized model, as demonstrated
in [23].

The models are implemented in Julia [4] using JuMP
[10] and solved with Gurobi [15]. The code and data is made
publicly available on a GitLab repository [27].

3.3. Power flow analysis

We conduct an ex-post power flow analysis to evaluate
the impact of various P2P market mechanisms on the distri-
bution grid infrastructure. Specifically, we leverage the Julia
package PowerModelsDistribution.jl using the non-convex,
non-linear AC power flow formulation® [13]. This analysis is
conducted on eight independent representative feeders from

The voltage bounds are set at +10% of the nominal voltage, reflecting
standard operating limits.
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areal European low-voltage urban distribution network [22].
Each of the selected feeders includes both single-phase and
three-phase loads which represents an unbalanced system
that closely resembles real-world low-voltage distribution
networks. For interested readers, we provide some summary
characteristics and graphical representations of the feeders
in Appendix B.

Recall that we consider P2P markets where participants
can only trade within the same feeder. As explained later,
we enable twenty households to engage in P2P trading.
The feeders within our analysis, however, comprise more
than 20 households. We randomly distribute the P2P market
participants along the feeder and thus assign the offtake
and injection profiles from the market model to them. The
remaining households have non-controllable loads that are
provided by the same dataset [22]. The distribution of P2P
market participants affects grid flows, so we include several
sensitivities that will be explained in Section 4.5.

4. Case study data

The case study models a P2P market with 20 residen-
tial consumers’ across eight market cases, combining three
P2P mechanisms (MMR, ABP, SDR) and a non-P2P case;
with two retail contracts (dynamic and fixed). This section
provides the data and explains how the sensitivities are set

up.

4.1. DER parameters

All residential consumers have the option to invest in
solar PV systems and BESS, with the PV investment limit
set at 5 kW for a single side of the rooftop (10 kW for
both sides). This limit is consistent with the maximum size
of roof-mounted PV systems for single-family homes in
Belgium [46]. Each household is assumed to have a dual-
pitched roof with equal surface areas on each side.

Every solar PV and BESS installation requires a corre-
sponding inverter and all techno-economic parameters for
DER installations are detailed in Table 2. The investment
costs for solar PV systems and their respective inverters
are based on 2019 solar PV system costs reported in [29]
and extrapolated to 2030 using learning rates from [12].
These costs are annualized over the technology’s lifetime,
incorporating each consumer’s perceived discount rate. To
capture consumer heterogeneity, we assign each consumer a
unique discount rate randomly selected from a 46% range,
reflecting differences in risk tolerances, future uncertainties,
and other factors that shape the perceived costs and benefits
of DER investments.

"The case study focuses on 20 residential customers for computational
efficiency and clearer presentation of results. We additionally performed
simulations with 50 consumers, which confirm that the results presented
in this paper are robust and also representative for a larger number of
participants.

Table 2

Techno-economic parameters for residential solar PV, BESS
and EV. The data source is shown as either a reference or own
model assumption (MA). Depicted investment costs are not
annualized.

Parameter Symbol Unit Value  Source
Solar PV

Investment cost €/kW 540 [29, 12]
Lifetime years 25 [29]
PV Inverter

Investment cost €/kW 115 [29, 12]
Lifetime years 15 [29]
BESS

Investment cost €/kWh 365 [36]
Lifetime years 18 [36]
Charge rate CR 1 MA
Charging efficiency neh % 92 [36]
Discharging efficiency nte % 92 [36]
Self-discharge ) %/hour  0.01 MA
BESS Inverter

Investment cost €/kW 124 [36]
Lifetime years 20 [36]
EV

Charging efficiency neh % 92 MA
Common

Discount rate % 4-6 MA

4.2. Time series

To capture the correlation between load patterns, solar
PV generation and electricity prices, all time series data in-
troduced in this section are sourced or simulated based on the
year 2023. Hourly availability factors for residential solar PV
across eight orientations are taken from Renewables.ninja
[34]. To capture a range of rooftop orientations, we model
four directional pairs: South-North, West-East, Southwest-
Northeast, and Southeast-Northwest, and randomly assign
these orientations to the 20 residential consumers.

Every consumer has an individual hourly electricity load
(D) and an hourly mobility profile (Dizl.), both linked
via their occupancy profile Occ, ;. The occupancy and load
profiles are generated using the open-source tool StROBe
(Stochastic Residential Occupancy Behavior) [3]. Mobility
profiles are sourced from [33], which generates occupancy-
based and hourly EV demand data (in kWh). We apply the
same occupancy profile for both to ensure consistency.

To ensure computational tractability, we model an entire
year with an hourly temporal resolution using representative
days. Three days are selected per month, resulting in a total
of 36 weighted representative time series, each comprising
24 hours. The representative days are selected based on the
methodology of [35], using the Julia package Representa-
tivePeriodsFinderjl [14].

4.3. EV smart charging

The EV smart charging model requires a set of assump-
tions. First, EV charging is allowed only when the consumer
is home, implying that binary occupancy parameter Occ, , ;
equals one. Second, the EV battery must always be suffi-
ciently charged to meet the demands of any upcoming trips
before departure. Third, the EV battery is initialized with an
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energy storage level (efl K) of 30 kWh at the start of the day,
which is approximately half of the battery capacity of a Tesla
Model 3. By the end of the day, the battery must be recharged
to at least the same level.

4.4. Retail electricity contract

We consider two types of electricity contracts: a flat-rate
contract, and a RTP contract. The RTP contract is based
on the 2023 RTP contract from Engie, Belgium’s largest
electricity retailer. Hourly retail prices are calculated using
the pricing formulas specified in the contract and 2023 Bel-
gian day-ahead prices. Flat-rate retail prices are computed
as a weighted average of hourly RTP retail prices in 2023,
based on real load profiles (RLP) and synthetic production
profiles (SPP) from the same year [42]. In practice, retailers
typically charge higher fees for fixed-rate contracts to cover
for their increased risk exposure [43]. However, we do not
account for this effect as our analysis focuses on isolating the
implications of P2P market design. Therefore, both RTP and
flat-rate contracts are assumed to cost consumers the same,
at least if their offtake (injection) profile aligns with the RLP
(SPP).

Retail offtake prices include volumetric transmission
network tariffs and excise duties on top of the energy com-
modity prices. The minimum monthly peak for calculating
capacity tariffs is set at 2.5 kW, as stipulated by the Flemish
regulation [44]. Physical limits on injection and offtake
are determined according to Belgian residential connection
capacity agreements [38].

4.5. Sensitivity analysis

To ensure robustness, we conduct an elaborate sensitiv-
ity analysis that comprises two stages. First, we perform 50
market simulations for each of the eight cases. Every simula-
tion uses distinct consumer profiles randomly sampled from
the time series dataset introduced in Section 4.2. The market
outcomes from these simulations are then applied to five
different random allocations of consumers across the eight
representative feeders. In other words, we run 50 market
simulations for each of the eight cases and then run 40 power
flow analyses for each of those market simulations.

5. Results

This section presents an overview of the key perfor-
mance metrics. Specifically, Section 5.1 discusses the con-
sumer bills and Section 5.2 covers the P2P market prices
and the DER investments. We additionally look at self-
consumption and self-sufficiency indices in Section 5.3.
The grid impact and the total system cost are presented in
Sections 5.4 and 5.5, respectively.

5.1. Consumer bills

Figure 2 illustrates the total consumer bill under both
flat-rate and RTP contracts for each P2P market mechanism,
divided into three components: energy costs (including taxes
and transmission fees), annualized investment costs for PV
and BESS, and the capacity-based grid tariff. The bars and

black dots represent average outcomes, whereas the error
bars illustrate the range of outcomes across all sensitivities.
P2P trading effectively reduces consumers’ electricity
bills for all mechanisms. This has been shown before (e.g.
[26, 16]), and is rather straightforward to explain: local P2P
rates are more favorable as they fall between injection and
offtake prices. We do point to two observations. First, the
potential savings reach 10 % under a fixed retail contract,
whereas it only reaches 5 % under dynamic pricing. As
mentioned earlier, the difference between offtake and in-
jection prices is smaller under dynamic pricing, and so is
the potential gain of P2P markets to consumers. Second,
P2P trading not only saves on the energy component of the
bill, but also on the DER investment costs. Without P2P
trading, consumers tend to invest heavily in PV installations
that may not be optimally oriented. With P2P trading, those
consumers can buy electricity from other participants with
more favorable rooftop conditions. PV capacity therefore
tends to be more concentrated on higher-yielding rooftops.

Flat retail rate RTP
[CEnergy cost
PV Investment
[CIBESS Investment
20 ¢ 20 ¢ CIGrid tariff
T ——Total bill
15t 1 1 15| { I ‘+
5
3
)
@
S 10+ 10— [ | I
5 5
0 0
NOP MMR SDR ABP NOP MMR SDR ABP

Figure 2: Total consumer bill under each P2P market mech-
anism combined with two different retail electricity contracts.
NOP: no P2P market, MMR: mid-market rate, SDR: supply-
demand ratio, ABP: auction-based pricing. Black dots repre-
sent the average total consumer bill across all sensitivities,
while error bars indicate the standard deviation of the results.

Auction-based pricing generally yields the lowest total
consumer cost of all P2P market mechanisms. Then again,
different mechanisms benefit different groups of consumers,
which we turn to next.

5.2. Prices & Investments

Each P2P market design affects consumer behavior by
shaping investment and operational decisions through dis-
tinct internal pricing mechanisms. To illustrate these effects,
we start with the yearly average electricity selling and buying
prices for each market design in Figure 3. The values are
weighted by total offtake and injection to reflect the average
prices that consumers face:

b
ZdeD,teT Hd ) }“dlj,y ) Offd,t

Nbuy =
ZdeD,teT ;- Of fa,

(30)
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Without P2P trading, consumers face the lowest selling
prices and the highest buying prices. P2P trading improves
these rates from the consumers’ perspective, but the different
mechanisms do so differently. The SDR mechanism results
in lower prices compared to the MMR mechanism. Frequent
excess supply drives the prices toward the retail injection
price under the SDR mechanism, and this effect is less
pronounced under the MMR (see Figure 1). As a result, SDR
is more favorable for households with little or no DER in-
vestment, while the MMR mechanism is more beneficial for
solar PV investors. Auction-based pricing features the lowest
buying prices and the highest selling prices because it is the
only design in which injection can be sold at retail offtake
prices, and offtake can be sold at retail injection prices. In
addition, it is the only mechanism that balances benefits for
both households with substantial DER investments and those
with little or no DER investments, ensuring a relatively fair
distribution of gains.

Flat retail rate RTP
T —--P2P buy Price
0.200 = 0.200 —~-P2P sell Price
3 5 i
0.175 0.175 s
< —3
2 0150 0.150
w,
(V)
S 0125 0.125
&
3
0.100 0.100
= i
0.075 . + 0.075
NOP MMR SDR ABP NOP MMR SDR ABP

Figure 3: Average electricity prices seen by consumers in each
case. In cases without P2P market, the price is set to be the
average retail price. NOP: no P2P market, MMR: mid-market
rate, SDR: supply-demand ratio, ABP: auction-based pricing.

Now turning to investment decisions, PV investment is
primarily driven by high P2P buying and selling prices.
The former encourages PV investment to maximize self-
consumption, while the latter provides an incentive for sell-
ing excess generation. As shown in Figures 2 and 3, the
MMR and NOP cases lead to the highest PV investments®
because of higher buying prices, while ABP encourages PV
investment despite lower buying prices because of its higher
selling prices. The difference in PV investment between flat-
rate and RTP contracts is minimal, as both contracts are
calibrated to align long-term price signals.

Battery investments are more complex to analyze due
to their multiple uses, such as self-consumption, price arbi-
trage, and peak shaving. The internal pricing mechanisms
in different P2P market designs influence how consumers
utilize household BESS, which in turn impacts the prof-
itability of and investment in BESS capacity. BESS charging

8PV or BESS investments can be mostly derived from the figure as they
scale with investment costs. This relationship, however, does not exactly
hold due to varying discount rates. The installation capacities for both PV
and BESS are detailed in Appendix C.

patterns further vary among different types of consumers.
For conciseness, we only provide a generalized summary.

First, batteries are used for peak shaving: shifting con-
sumption to off-peak hours to avoid part of the capacity
tariff. This can be indirectly observed from the grid tariffs
paid by consumers (Figure 2). Second, in the flat-rate case
without a P2P market, BESS is used exclusively for indi-
vidual self-consumption, with all consumers following a
straightforward operational strategy: they charge the battery
with excess solar PV generation and discharge when needed
for consumption.

With a P2P market, battery usage is optimized for collec-
tive self-consumption. Incentives to invest in batteries are
muted in the MMR cases since excess electricity can be sold
locally at relatively high P2P selling prices and thus does not
need to be stored. Similarly, in SDR cases, low P2P buying
prices discourage BESS investment, as buying electricity
directly from the P2P market is more cost-effective.

In the ABP case with a flat retail price, consumers
with low discount rates invest in batteries for (local) price
arbitrage, while those with high discount rates invest less
and size their batteries solely for peak shaving. With a
dynamic contract, consumers are noticeably more inclined
to invest in household BESS because of increased arbitrage
opportunities.

5.3. Self-consumption & self-sufficiency

Figure 4 presents the collective self-consumption index
(SCI) and collective self-sufficiency index (SSI) for the
eight cases. The SCI quantifies the proportion of the PV
production that is locally utilized over a year, and the SSI
measures to what extent the local production fulfills the local
demand [6]. These metrics are formally defined as:

total production — total injection
SCI = - (32)
total production

_ total production — total injection

SSTI (33)

total demand

Two main factors affect these metrics. The first one
is the inclusion of a P2P market, which facilitates local
electricity sharing within the market and promotes more
local consumption. Figure 4 shows that cases with P2P
markets consistently exhibit higher SCI and SSI compared
to cases without the P2P market under the same contract
type. The second factor is DER investments. Additional PV
capacity tends to increase the SSI but decrease the SCI due
to higher overall production. BESS investments, in contrast,
enhance both the SCI and the SSI by enabling greater self-
consumption. The RTP contract consequently increases the
SCI and SSI compared to the flat-rate contract because of
additional BESS investments.

the ABP mechanism achieves the highest SCI and SSI
on average under a dynamic contract, while the SDR mech-
anism performs the best under a flat retail rate contract. Both
mechanisms drive the highest levels of BESS investment
among all market designs within the same contract types.
The SDR and ABP mechanisms under the flat retail rate
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Figure 4: Average collective self-consumption and collective
self-sufficiency indices in each case. Black markers represent
cases with the flat-rate contract, while red markers denote
cases with the RTP contract. NOP: no P2P market, MMR:
mid-market rate, SDR: supply-demand ratio, ABP: auction-
based pricing, RTP: real-time pricing.

contract achieve similar SCIs and SSIs to those of the RTP
contract without a P2P market. This is remarkable as they
use much less BESS investment, which highlights the P2P
market’s effectiveness in enhancing local consumption.

5.4. Grid impact

Alleviating local congestion is one of the main potential
benefits of P2P trading. Figure 5 illustrates the overall results
of the power flow analyses. We consider three types of
network violations: overvoltage, undervoltage and conges-
tion. The figure includes all sensitivities and presents the
number of occurrences in the left graph, and the relative
difference compared to the conventional non-P2P trading
cases in the right graph. Note that this section focuses on
the total occurrences of network violations” to provide a
general understanding of which mechanisms may alleviate
or exacerbate grid issues. For a more detailed analysis of
the severity and frequency of grid issues, including voltage
and branch rating violations in different feeders, we refer the
reader to Appendix D.

The RTP contract increases the frequency of network vi-
olations in nearly all market designs. In the NOP, MMR, and
SDR mechanisms, the frequency of network violations under
the RTP contract is almost double than that of the flat retail
rate cases. This increase can be attributed to the coordinating
role of wholesale price signals, which prompt consumers to
react similarly by increasing their offtake during low-price
periods. The difference between the two retail contracts in
the ABP mechanism is relatively minor, which we return to
later.

In comparison to cases without P2P trading, both the
MMR and SDR mechanisms can effectively reduce the oc-
currences of network violations, while the ABP mechanism
actually increases them (right plot in Figure 5). The MMR

Quantified as the proportion of time steps with issues. Occurrences
are calculated as: (Number of time steps with issues) / (Total number of
time steps)
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Figure 5: Left: Occurrences of grid issues in each case. Right:
Relative difference in grid issue occurrences compared to the
NOP case across each P2P market mechanism, combined with
two retail contracts. NOP: no P2P market, MMR: mid-market
rate, SDR: supply-demand ratio, ABP: auction-based pricing.
RTP: real-time pricing.

and SDR mechanisms both provide additional incentives for
consumers to distribute offtake and injection over multiple
hours, thereby alleviating congestion. The underlying mech-
anism is rather specific and we include a simplified example
in Appendix E. Conversely, the ABP mechanism increases
network violations by encouraging DER investment concen-
tration in a few households. This concentration leads to high
injections at specific nodes, thus increasing the likelihood
of violations at specific nodes. Since this incentive applies
to both contract types, it also explains the relatively smaller
difference in occurrences of grid issues under ABP between
a fixed retail price and RTP.

5.5. System cost

We compute the overall system cost to evaluate the
system-wide efficiency of the P2P market. Figure 6 decom-
poses the system cost into energy costs (further divided into
offtake and injection components) and investment costs for
BESS and PV. The investment component simply equals the
investment cost of PV and BESS. The energy cost represents
the actual economic cost of electricity from a system-wide
perspective, calculated using wholesale electricity market
prices'?, as shown in Equation 34. Unlike the consumer bill
metric, which captures the financial impact on individual
households, the system cost reflects the broader economic
implications of electricity usage within the P2P market and
the overall efficiency gains it provides. Note that this metric
serves as a proxy for the energy component, and that we do
not value the implications for the distribution grid.

EC= Y 7y Gy Of fay— Aas - Injay) (34)
deD,teT

RTP contracts yield approximately 10% lower system

costs compared to the flat retail rate cases (Figure 6). Ex-

posing consumers to wholesale prices encourages them to

fulfill the system’s needs. Although the NOP RTP case holds

the most direct link to wholesale prices, the lowest system

10Taxes and levies are excluded here, as they are transfers rather than
actual economic costs.

Yucun Lu, Jelle Meus, Chiara Gorrasi, Erik Delarue: Preprint submitted to Elsevier

Page 10 of 17



A model-based comparative study of peer-to-peer market designs

cost across all cases is actually achieved under the MMR
RTP case because it encourages more efficient investment
patterns'!.

The inclusion of P2P markets can somewhat contribute
to system efficiency, as seen in the MMR and ABP flat rate
cases, as well as the MMR RTP case, but the overall effect
remains limited. So P2P trading can significantly reduce
consumers’ bills (Section 5.1), but it has a limited impact
on the overall system cost. P2P markets, in other words,
introduce a distributional shift: the reduction in consumer
bills is not the result of efficiency gains but instead merely a
transfer at the expense of retailers.
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Figure 6: Total system cost in each case. NOP: no P2P
market, MMR: mid-market rate, SDR: supply-demand ratio,
ABP: auction-based pricing. Black dots represent the average
electricity procurement cost across all sensitivities, while error
bars indicate the standard deviation of the results.

6. Conclusion

Different P2P market mechanisms produce distinct out-
comes due to their unique pricing structures, influencing
consumer investment and operational behavior, and impact-
ing the overall electricity system. This study offers a quan-
titative comparison of three P2P market designs combined
with two retail contract types: fixed and dynamic pricing.
Our results show how P2P market designs affect DER in-
vestment, battery operations, consumer bills, system costs,
and grid stress.

A key contribution of this work lies in incorporating
long-term investment behavior into the evaluation of P2P
mechanisms which is an aspect often overlooked in previous
studies. Second, by analyzing P2P mechanisms under both
static and dynamic pricing contracts, we assess the value that
local energy trading can bring in contexts where consumers
are already exposed to volatile price signals. Third, we
extend beyond consumer cost impacts to evaluate overall

n our case study, even RTP retail prices are, in principle, distorted
through additional levies.

system efficiency and the implications of different market
designs for distribution grid performance.

Our results show that regardless of design, P2P markets
can effectively reduce consumer cost, but the reduction
is smaller under RTP contracts. P2P markets furthermore
could serve as a potential alternative to RTP contracts, offer-
ing similar benefits in terms of self-consumption and con-
sumer cost savings without exposing consumers to volatile
prices , as P2P prices are typically bounded by retail offtake
and injection prices. They can also contribute to system
efficiency, though to a lesser extent than RTP contracts. Im-
portantly, this contribution to efficiency is accompanied by a
distributional shift, where the benefits of reduced consumer
costs may come at the expense of retailers.

We also assess market mechanisms using a power flow
model to capture both their economic efficiency and their
direct impact on distribution grid performance. Among the
evaluated designs, ABP performs well across several met-
rics, offering the lowest consumer cost, high collective self-
consumption, and a fair distribution of gains among partic-
ipants, although it may exacerbate grid issues. In contrast,
MMR and SDR alleviate grid issues but offer slightly lower
efficiency gains. Thus, ABP is more suitable for robust
feeders, while MMR and SDR are more suited for feeders
of lower resilience (e.g. those with longer branches prone to
voltage violations at the end of the feeder).

This study is based on a deterministic framework with
perfectly predictable demand and renewable generation. In
practice, uncertainty in consumer behavior, renewable out-
put and P2P market prices can significantly influence market
dynamics. Future research could extend this analysis by
incorporating stochastic modeling to assess how different
P2P designs perform under uncertainty. Additionally, the
passive role of electricity retailers in our analysis overlooks
their potential strategic responses to P2P trading. Future
studies should explore retailer adaptations to capture the
dynamic interactions in the evolving electricity market.
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A. Appendix: Iterative algorithm

Here is a brief introduction to the iterative algorithm
used to model P2P market outcomes. An overview of the
algorithm structure is presented in Algorithm 1, and the
detailed implementations can be found in GitLab repository
[27].

The algorithm is adapted from the Alternating Direc-
tion Method of Multipliers (ADMM), a dual decomposition
method originally developed to solve convex optimization
problems by dividing them into smaller subproblems [5].
However, given that we assume the electricity retailer can
always balance any electricity surplus or deficit within the
P2P market, the coupling constraint typically required for
equilibrium is inherently satisfied.

The process begins by defining penalty rates for con-
sumers’ offtake and injection decisions (p,f . pjy;), toler-
ances for dual residuals (e,,,), and a maximum iteration
limit (iter,,,, ). We then initialize the convergence status and
the P2P market prices A}7". These prices are iteratively
updated based on the pricing mechanisms introduced in
Section 2 to guide the agents towards an equilibrium. In each
iteration, updated prices are announced to all consumers,
who then optimize their individual objectives as detailed in
Section 3.1. After all agents complete their optimization, we
calculate dual residuals by comparing current and previous
injection or offtake values. The algorithm repeats until con-
vergence which represents a Nash equilibrium of the game
described by Equations 6 - 29.

Algorithm 1: Iterative algorithm for computing a
Nash equilibrium of the non-cooperative game

Data: All parameters belonging to all consumers’
optimization problems.

Result: Nash equilibrium solution to the game.

Define Pof £+ Pinj » €dual> 1€F max>

Initialize P2P market prices /15 %P ,and conv =0

while conv = False and iter < iter,,, do
Solve 20 consumers’ decision problems.
Calculate dual residuals r,,;.
Update P2P market prices.
Update convergence: conv = |7z, < €4ua1-

iter = iter + 1.
end

B. Appendix: Overview of the selected feeders

In Table B1, we summarize the key characteristics of the
eight feeders analyzed in this study, including the number of
residential consumers, the percentage of active consumers'?,
total feeder length, main path length, and average path length
from the substation to all consumers on the feeder. The

corresponding feeder IDs of the selected feeders are also

12The percentage of active consumers is calculated as the ratio of 20
active consumers to the total number of consumers in each feeder (20/ total
consumers).

provided. For further details, please refer to the open dataset
published in [22] using the listed feeder IDs.

In Figure B1, we present the network topology using
graphical representations of two feeders. The slack bus (sub-
station) is marked as a red dot, where both the generator
and high-voltage (HV) load are placed. Residential loads
generally represent individual households, while multiple
loads clustered around a single node indicate an apartment
building.

C. Appendix: DER Investment

The total investment capacity of solar PV and BESS are
shown in Figure C2 and Figure C3, respectively.

D. Appendix: Grid impact

In Section 5.4, we assess the grid impact of various
P2P market mechanisms by analyzing the frequency of grid
issues across different feeders. While this metric provides
insights into how often grid issues occur, it does not capture
their severity (e.g., magnitude of voltage violations) or scope
(e.g., number of affected nodes or branches per time step).
To address these limitations, we expand the analysis in this
section to assess both the severity and scope of grid issues.
Specifically, we examine the voltage levels of all nodes
(Figure D4 and D5) and the branch use of all branches
(Figure D6) per representative feeder under different mar-
ket mechanisms, combined with two distinct retail contract
types.

Figures D4 and D5 illustrate node voltage levels under
different P2P market mechanisms with flat-rate and RTP
contracts, respectively. Given the large dataset, results are
derived from 25 power flow analyses (five random market
outcomes with five random node allocations). In both fig-
ures, the red and blue dots represent the 99.9% quantile
(red) and 0.1% quantile (blue) of node voltage levels across
all power flow simulations for a given market mechanism.
These values reflect the maximum and minimum voltage lev-
els observed on the feeder. The size of the dots corresponds
to the frequency of overvoltage (red) and undervoltage (blue)
events, where each instance (one node at one time step)
counts as one violation. Even when no violations occur,
small dots mark observed voltage extremes. The position and
size of these dots allow us to infer the severity and frequency
of grid issues across feeders.

In Figure D4, voltage violations primarily occur on
feeders D, F, and G. As noted in Section 5.4, MMR and SDR
reduce both the severity (lower maximum voltage, higher
minimum voltage) and frequency (smaller dot size) of these
issues. In contrast, ABP exacerbates violations, leading to
higher maximum voltages, lower minimum voltages, and
more frequent violations (larger dots). Even feeders C and E,
which experience few violations without P2P trading, show
new violations or altered voltage levels under ABP. These
trends hold across all feeders, despite their differences. In
Figure D5, similar trends emerge under the RTP contract,
especially for undervoltage issues.
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Table B1
Overview of features of the selected eight feeders.
Feeder D No. of Pct. of active  Total feeder =~ Main path  Average length to
consumers  consumers [%] length [km] length [km]  consumers [km]
A 65079_77940 149 13.4 1.05 0.30 0.14
B 1142831_1465663 63 31.7 1.46 0.48 0.31
C 65082_80175 56 35.7 1.32 0.37 0.24
D 1136065_1450304 44 45.4 1.17 0.35 0.24
E 65028_84569 117 17.1 2.11 0.68 0.24
F 65019_73796 30 66.7 1.13 0.65 0.44
G 1459343_1931569 32 61.5 1.55 0.63 0.33
H 65019_74478 52 38.4 0.72 0.25 0.09
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Figure B1: Graphical representations of two feeders (C, F).
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Figure C2: Capacity of solar PV investment in each case. NOP:
no P2P market, MMR: mid-market rate, SDR: supply-demand
ratio, ABP: auction-based pricing, RTP: real-time pricing.

Comparing Figures D4 and D5, we find that the RTP
contract increases the frequency and severity of undervolt-
age events (lower minimum voltage and larger blue dots),
but the impact on overvoltage is less significant.
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Figure C3: Capacity of BESS investment in each case. NOP:
no P2P market, MMR: mid-market rate, SDR: supply-demand
ratio, ABP: auction-based pricing, RTP: real-time pricing.

In Figure D6, the maximum branch use across different
cases is presented. The branch use measures how much
of a branch’s capacity is being used, defined as the ratio
of the rated power of a branch to its actual load power.
A branch use exceeding 1 indicates a theoretical overload
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Figure D4: Frequency and severity of overvoltage and undervoltage events under different P2P market designs with flat-rate
contract. NOP: no P2P market, MMR: mid-market rate, SDR: supply-demand ratio, ABP: auction-based pricing.
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Figure D5: Frequency and severity of overvoltage and undervoltage events under different P2P market designs with RTP contract.
NOP: no P2P market, MMR: mid-market rate, SDR: supply-demand ratio, ABP: auction-based pricing.

condition. Branch rating violations are less frequent than |, Appendix: Inner pricing mechanism
voltage violations, occurring only on feeders C and D.

However, Figure D6 confirms similar trends: MMR and SDR
reduce congestion severity, while ABP increases congestion
frequency and intensity.

This example demonstrates how the internal pricing
mechanisms of the MMR and SDR models provide addi-
tional incentives for consumers to distribute their offtake
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Table E2
Strategy in NOP case
Hour 1 2 3 4
price 0.1 0.1 01 01
offtake 50 50 50 50
Injection 60+ 10 60 60 60

and injection activities across multiple hours, rather than
concentrating them in a single period.

Consider a four-hour period with an offtake retail price
of 0.3 €/kWh and an injection retail price of 0.1 €/kWh. Here
we only focus on the behavior of one consumer while assum-
ing that the offtake and injection decisions of all other agents
are fixed. The initial condition, detailed in Table E2, assumes
a total offtake of 50 kWh and a total injection of 60 kWh by
other participants each hour. Now, the consumer must decide
when to inject its 10 kWh of electricity, assuming it has the
flexibility to shift all electricity across any of the four hours.

Under a flat retail rate contract, this consumer would
simply choose to inject all 10 kWh in Hour 1'3, given the
retail injection price of 0.1 €/kWh, yielding a total income
of 1 €for selling the excess electricity.

In contrast, with a P2P market using the MMR mecha-
nism, injecting all 10 kWh in Hour 1 would result in a P2P
selling price of 0.171 €/kWh, as calculated using Equation
5. This would yield a higher income of 1.7 € for the 10 kWh
of electricity. However, as seen in Table E3, injecting the full

13 Although the consumer is theoretically indifferent about which hour
to inject because of identical prices, in our case study, the consumer will
always choose Hour 1 due to the (dis)charging efficiency of batteries.

Table E3
Strategy 1 in MMR case
Hour 1 2 3 4
price 0.171 0.183 0.183 0.183
offtake 50 50 50 50
Injection 60 + 10 60 60 60
Table E4
Strategy 2 in MMR case
Hour 1 2 3 4
price 0.18 0.18 0.18 0.18
offtake 50 50 50 50
Injection 60 +25 60425 60+25 60425

amount in a single hour lowers the P2P market price due to
the added supply, making this strategy suboptimal.

The optimal strategy under the MMR mechanism is to
spread the 10 kWh injection equally across the four hours, as
shown in Table E2. This results in a P2P market price of 0.18
€/kWh in all four hours, giving the consumer a total revenue
of 1.8 €, higher than if the injection had been concentrated
in one hour.

This example only illustrates how the MMR mechanism
encourages consumers to distribute their injections over time
to maximize income. A similar principle also applies to off-
take, and SDR mechanisms, though these are not elaborated
here.

Yucun Lu, Jelle Meus, Chiara Gorrasi, Erik Delarue: Preprint submitted to Elsevier

Page 15 of 17



A model-based comparative study of peer-to-peer market designs

CRediT authorship contribution statement

Yucun Lu: Conceptualization, Methodology, Data cura-
tion, Visualization, Formal analysis, Writing - original draft,
Writing - review & editing. Jelle Meus: Conceptualization,
Methodology, Writing - review & editing. Chiara Gorrasi:
Methodology, Writing - review & editing. Erik Delarue:
Writing- review & editing, Supervision.

References

(1]

(2]

(31

(4]
(5]

(6]

(71

(8]

[91

[10]

[11]

[12]

[13]

[14]
[15]

[16]

[17]

Ableitner, L., Tiefenbeck, V., Meeuw, A., Worner, A., Fleisch, E.,
Wortmann, F., 2020. User behavior in a real-world peer-to-peer
electricity market. Applied Energy 270, 115061. URL: https:
//www.sciencedirect.com/science/article/pii/S0306261920305730,
doi:https://doi.org/10.1016/j.apenergy.2020.115061.

Ahmed, S.A., Huang, Q., Zhang, Z., Li, J., Amin, W., Afzal, M.,
Hussain, J., Hussain, F., 2024. Optimization of social welfare and
mitigating privacy risks in p2p energy trading: Differential privacy
for secure data reporting. Applied Energy 356.
doi:10.1016/j.apenergy.2023.122403.

Baetens, R., Saelens, D., 2016. Modelling uncertainty in district
energy simulations by stochastic residential occupant behaviour.
Journal of Building Performance Simulation 9, 431-447.

Bezanson, J., Edelman, A., Karpinski, S., Shah, V.B., 2014. Julia: A
fresh approach to numerical computing. SIAM Rev. 59, 65-98.
Boyd, S., Parikh, N., Chu, E., Peleato, B., Eckstein, J., 2011.
Distributed Optimization and Statistical Learning via the Alternating
Direction Method of Multipliers.

Cielo, A., Margiaria, P., Lazzeroni, P., Mariuzzo, 1., Repetto, M.,
2021. Renewable energy communities business models under the
2020 italian regulation. Journal of Cleaner Production 316, 128217.
URL: https:
//www.sciencedirect.com/science/article/pii/S0959652621024343,
doi:https://doi.org/10.1016/3.jclepro.2021.128217.

Delarestaghi, J.M., Arefi, A., Ledwich, G., Borghetti, A., 2021. A
distribution network planning model considering neighborhood
energy trading. Electric Power Systems Research 191.
doi:10.1016/j.epsr.2020.106894.

Dhabi, A., 2020. Innovation landscape brief: Peer-to-peer electricity
trading. Technical Report. International Renewable Energy Agency
(IRENA).

Dudjak, V., Neves, D., Alskaif, T., Khadem, S., Pena-Bello, A.,
Saggese, P., Bowler, B., Andoni, M., Bertolini, M., Zhou, Y.,
Lormeteau, B., Mustafa, M.A., Wang, Y., Francis, C., Zobiri, F.,
Parra, D., Papaemmanouil, A., 2021. Impact of local energy markets
integration in power systems layer: A comprehensive review.
Applied Energy 301. doi:10.1016/j.apenergy.2021.117434.
Dunning, I., Huchette, J., Lubin, M., 2015. Jump: A modeling
language for mathematical optimization. SIAM Rev. 59, 295-320.
Eid, C., Bollinger, L.A., Koirala, B., Scholten, D., Facchinetti, E.,
Lilliestam, J., Hakvoort, R., 2016. Market integration of local
energy systems: Is local energy management compatible with
european regulation for retail competition? Energy 114, 913-922.
d0i:10.1016/j.energy.2016.08.072.

Elshurafa, A.M., Albardi, S.R., Bigerna, S., Bollino, C.A., 2018.
Estimating the learning curve of solar pv balance—of—system for over
20 countries: Implications and policy recommendations. Journal of
Cleaner Production 196, 122-134.

Fobes, D.M., Claeys, S., Geth, F., Coftrin, C., 2020.
Powermodelsdistribution.jl: An open-source framework for
exploring distribution power flow formulations. Electric Power
Systems Research 189, 106664. URL: http:
//www.sciencedirect.com/science/article/pii/S0378779620304673,
doi:https://doi.org/10.1016/j.epsr.2020.106664.

Gonzato, S., 2023. Representativeperiodsfinder. URL:
https://gitlab.kuleuven.be/UCM/representativedaysfinder. jl.
Gurobi Optimization, LLC, 2023. Gurobi Optimizer Reference
Manual. URL: https://www.gurobi.com.

Hadiya, N., Teotia, F., Bhakar, R., Mathuria, P., Datta, A., 2020. A
comparative analysis of pricing mechanisms to enable p2p energy
sharing of rooftop solar energy, in: 2020 IEEE International
Conference on Power Systems Technology, POWERCON 2020,
Institute of Electrical and Electronics Engineers Inc.
doi:10.1109/POWERCON48463.2020. 9230562,

Hereni, L., Tlak, P., Rajl, I., 2019. Effects of local electricity trading
on power flows and voltage levels for different elasticities and prices.
Energies 12. doi:10.3390/en12244708.

Yucun Lu, Jelle Meus, Chiara Gorrasi, Erik Delarue: Preprint submitted to Elsevier Page 16 of 17



(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

(31]

[32]

[33]

[34]

A model-based comparative study of peer-to-peer market designs

Huang, H., Nie, S., Lin, J., Wang, Y., Dong, J., 2020. Optimization
of peer-to-peer power trading in a microgrid with distributed pv and
battery energy storage systems. Sustainability (Switzerland) 12.
doi:10.3390/5u12030923.

Jogunola, O., Ajagun, A.S., Tushar, W., Olatunji, F.O., Yuen, C.,
Morley, C., Adebisi, B., Shongwe, T., 2024. Peer-to-peer local
energy market: Opportunities, barriers, security, and implementation
options. IEEE Access 12, 37873-37890.
doi:10.1109/ACCESS. 2024 .3375525.

Kanakadhurga, D., Prabaharan, N., 2022. Peer-to-peer trading with
demand response using proposed smart bidding strategy. Applied
Energy 327. doi:10.1016/j.apenergy.2022.120061.

Kim, H.J., Chung, Y.S., Kim, S.J., Kim, H.T., Jin, Y.G., Yoon, Y.T.,
2023. Pricing mechanisms for peer-to-peer energy trading: Towards
an integrated understanding of energy and network service pricing
mechanisms. doi:10.1016/3.rser.2023.113435.

Koirala, A., Sudrez-Ramon, L., Mohamed, B., Arboleya, P., 2020.
Non-synthetic european low voltage test system. International
Journal of Electrical Power & Energy Systems 118, 105712.
doi:https://doi.org/10.1016/j.1jepes.2019.105712.

Le Cadre, H., Jacquot, P., Wan, C., Alasseur, C., 2020. Peer-to-peer
electricity market analysis: From variational to generalized nash
equilibrium. European Journal of Operational Research 282,
753-771. doi:10.1016/j.ejor.2019.09.035.

Lezama, F., Soares, J., Faia, R., Vale, Z., Kilkki, O., Repo, S.,
Segerstam, J., 2021. Bidding in local electricity markets with
cascading wholesale market integration. International Journal of
Electrical Power and Energy Systems 131.
doi:10.1016/j.1jepes.2021.107045.

Liu, N., Yu, X., Wang, C., Li, C., Ma, L., Lei, J., 2017.
Energy-sharing model with price-based demand response for
microgrids of peer-to-peer prosumers. IEEE Transactions on Power
Systems 32, 3569-3583. doi:10.1109/TPWRS.2017.2649558.

Long, C., Wu, J., Zhang, C., Thomas, L., Cheng, M., Jenkins, N.,
2017. Peer-to-peer energy trading in a community microgrid.

Lu, Y., 2024. Gitlab repository. URL:
https://gitlab.kuleuven.be/u0152623/P2P.

Lu, Y., Gorrasi, C., Meus, J., Bruninx, K., Delarue, E., 2024.
System-wide benefits of temporal alignment of wholesaleretail
electricity prices. Applied Energy 373, 123857. URL: https:
//www.sciencedirect.com/science/article/pii/S0306261924012406,
doi:https://doi.org/10.1016/j.apenergy.2024.123857.

Masson, G., Kaizuka, I., 2021. Trends in Photovoltaic Applications
2020. Technical Report. International Energy Agency Photovoltaic
Power Systems Programme (IEA PVPS).

Meena, N.K., Yang, J., Zacharis, E., 2019. Optimisation framework
for the design and operation of open-market urban and remote
community microgrids. Applied Energy 252.
doi:10.1016/j.apenergy.2019.113399.

Mengelkamp, E., Staudt, P., Garttner, J., Weinhardt, C., 2017.
Trading on local energy markets: A comparison of market designs
and bidding strategies, in: International Conference on the European
Energy Market, EEM, IEEE Computer Society.

doi:10.1109/EEM. 2017.7981938.

Morstyn, T., McCulloch, M.D., 2019. Multiclass energy
management for peer-to-peer energy trading driven by prosumer
preferences. IEEE Transactions on Power Systems 34, 4005-4014.
doi:10.1109/TPWRS. 2018.2834472.

Miiller, M., Biedenbach, F., Reinhard, J., 2020. Development of an
integrated simulation model for load and mobility profiles of private
households. Energies 13. URL:
https://www.mdpi.com/1996-1073/13/15/3843, d0i:10.3390/en13153843.
Pfenninger, S., Staffell, 1., 2016. Long-term patterns of european pv
output using 30 years of validated hourly reanalysis and satellite
data. Energy 114, 1251-1265. URL: https:
//www.sciencedirect.com/science/article/pii/S0360544216311744,
doi:https://doi.org/10.1016/j.energy.2016.08.060.

[35]

[36]

(371

[38]

[39]

[40]

[41]

[42]

[43]
[44]

[45]

[46]

[47]

[48]

[49]

Poncelet, K., Hoschle, H., Delarue, E., Virag, A., Dhaeseleer, W.,
2016. Selecting representative days for capturing the implications of
integrating intermittent renewables in generation expansion planning
problems. IEEE Transactions on Power Systems 32, 1936—1948.
Ralon, P., Taylor, M., Ilas, A., Diaz-Bone, H., Kairies, K., 2017.
Electricity storage and renewables: Costs and markets to 2030.
International Renewable Energy Agency 164.

Sorin, E., Bobo, L., Pinson, P., 2018. Consensus-based approach to
peer-to-peer electricity markets with product differentiation URL:
http://arxiv.org/abs/1804.03521.

Synergrid, 2024. Technische Voorschriften Elektriciteit. URL:
https://www.synergrid.be/nl/documentencentrum/
technische-voorschriften/elektriciteit.

The European Commission, 2018. Directive (eu) 2018/2001 of the
european parliament and of the council of 11 december 2018 on the
promotion of the use of energy from renewable sources.
https://eur-lex.europa.eu/eli/dir/2018/2001/0j.

Tushar, W., Saha, T.K., Yuen, C., Morstyn, T., McCulloch, M.D.,
Poor, H.V., Wood, K.L., 2019. A motivational game-theoretic
approach for peer-to-peer energy trading in the smart grid. Applied
Energy 243, 10-20. doi:10.1016/].apenergy.2019.03.111.

Tushar, W., Saha, T.K., Yuen, C., Morstyn, T., Nahid-Al-Masood,
Poor, H.V., Bean, R., 2020. Grid influenced peer-to-peer energy
trading. IEEE Transactions on Smart Grid 11, 1407-1418.
doi:10.1109/TSG.2019.2937981.

Vlaamse Regulator van de Elektriciteits en Gasmarkt (VREG), 2023.
Variable energy prices on your settlement invoice. https://www.
vreg.be/nl/variabele-energieprijzen-op-uw-afrekeningsfactuur.
VREG, 2023. Financial health of the flemish energy market and of
the suppliers active on that market.

Vreg, 2023. What is the capacity tariff? URL: https://www.vreg.be/
nl/wat-zijn-de-nieuwe-nettarieven-en-hoe-worden-ze-berekend.
Wang, B., Xu, L., Wang, J., 2023. A privacy-preserving trading
strategy for blockchain-based p2p electricity transactions. Applied
Energy 335. doi:10.1016/].apenergy.2023.120664.

Wilkin, B., 2019. National Survey Report of PV Power Applications
in Belgium 2018. Technical Report. International Energy Agency
Photovoltaic Power Systems Programme (IEA PVPS).

Zhang, B., Du, Y., Lim, E.G., Jiang, L., Yan, K., 2019. Design and
simulation of peer-to-peer energy trading framework with dynamic
electricity price, in: 2019 29th Australasian Universities Power
Engineering Conference, AUPEC 2019, Institute of Electrical and
Electronics Engineers Inc. doi:10.1109/AUPEC48547.2019.211948.
Zhang, C., Wu, J., Zhou, Y., Cheng, M., Long, C., 2018.
Peer-to-peer energy trading in a microgrid. Applied Energy 220,
1-12. URL: https:
//www.sciencedirect.com/science/article/pii/S0306261918303398,
doi:https://doi.org/10.1016/j.apenergy.2018.03.010.

Zhou, Y., Wu, J., Long, C., 2018. Evaluation of peer-to-peer energy
sharing mechanisms based on a multiagent simulation framework.
Applied Energy 222, 993-1022.
doi:10.1016/].apenergy.2018.02.089.

Yucun Lu, Jelle Meus, Chiara Gorrasi, Erik Delarue: Preprint submitted to Elsevier

Page 17 of 17



On the authors:

Yucun Lu (yucun.lu@kuleuven.be)

Jelle Meus(jelle.meus@kuleuven.be)

Chiara Gorrasi(chiara.gorrasi@kuleuven.be)

Erik Delarue (erik.delarue@kuleuven.be)

Energy Systems Integration & Modeling Group (ESIM):

Web-page: https://www.mech.kuleuven.be/ |
lesiml

LinkedIn: https://www.linkedin.com/
company/esimrg

Latest preprints and accepted publica-
tions: https://www.mech.kuleuven.be/
lesim-publications|



mailto:yucun.lu@kuleuven.be
mailto:jelle.meus@kuleuven.be
mailto:chiara. gorrasi@kuleuven.be
mailto:erik.delarue@kuleuven.be
https://www.mech.kuleuven.be/esim
https://www.mech.kuleuven.be/esim
https://www.linkedin.com/company/esimrg
https://www.linkedin.com/company/esimrg
https://www.mech.kuleuven.be/esim-publications
https://www.mech.kuleuven.be/esim-publications

