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A B S T R A C T

Local energy communities and electricity markets have emerged as possibilities for interaction among
prosumers. A substantial effort has been invested into creating efficient pricing mechanisms for various market
arrangements, all of which take into consideration distinct characteristics of local electricity trading. However,
since they are all evaluated in terms of various systems and market conditions, it is challenging to directly
compare the mechanisms. In this research, three well-established pricing mechanisms from the literature are
systematically compared and evaluated under identical settings on their influence on welfare distribution
across various market participant groups, privacy protection, transparency and complexity level. According
to the findings, the supply–demand ratio pricing system leads to the lowest costs for consumers and is also
the most privacy compliant and transparent. Furthermore, prosumers obtain the highest cost-savings through
the consensus alternating direction method of multipliers pricing mechanism, whereas the equilibrium pricing
mechanism performs best regarding economic fairness. The aim of this article is to provide insight into the
performance of different pricing mechanisms to energy regulators and local electricity market facilitators.
The comparative analysis should aid in making informed decisions on the implementation of local electricity
markets.
1. Introduction

Following the global commitment to the United Nations Sustainable
Development Goals, the world’s energy sector is undergoing a vast
transition towards decarbonisation. Consequently, investment costs for
rooftop photovoltaic (PV) panels have fallen steeply over the last
decade [1] and they are now becoming affordable to households. Thus,
previously passive consumers can now take a more active role in their
energy behaviour as prosumers. With the simultaneous maturing of in-
formation, communication and digitalisation tools, a closer interaction
between grid operators, end users and other system agents is allowing
a more consumer-centric energy system. Local energy communities
have emerged as a promising concept for better coordinating this
interaction [2,3], where members can collaborate to ensure common
economic, environmental, and social benefits while also providing
system services [4].

Upon the realisation of local energy communities, mechanisms for
fair distribution of internal resources and the determination of the
related prices should be established. This could be accomplished by
forming local electricity markets with custom trading schemes [5,6].
Although surveys of German and Dutch households indicate that envi-
ronmental benefits and the ability to share electricity are the primary
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motivations for participating in local trading schemes [7,8], the com-
munity trading price has a strong influence on the participants’ trading
behaviour [9,10]. In order for local energy communities and electricity
markets to become widely accepted real-world phenomena, a consistent
pricing mechanism that is perceived as fair by all market participants
must therefore be in place.

Furthermore, according to a survey conducted in several European
countries, potential market participants consider a lack of trust in the
trading system to be a major risk [11]. This includes the expected lack
of transparency and explainability of the algorithms, as well as concerns
about data anonymisation. Transparency relates to both explainability
and interpretability and refers to any decisions made by the algorithm
or the users that can affect the market outcome [12]. It is critical for
promoting user satisfaction, autonomy, and informed decision-making.
A lack of transparency undermines trust both among market partic-
ipants and between market participants and market operators [13].
This is evident in today’s retail electricity markets, where a lack of
relevant and transparent information about the electricity market and
prices, combined with a high level of market complexity, are significant
barriers to consumer engagement [14]. The European Network of
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Transmission System Operators for Electricity (ENTSO-E) addresses the
issue by publishing fundamental information on European electricity
markets via its transparency platform [15]. According to the associa-
tion, transparency is critical for the creation of efficient, liquid, and
competitive markets, as well as for avoiding potential market power
abuse [16].

As local electricity markets are likely to be realised through digital
platforms, they must adhere to regulations like the European Union’s
Digital Services Act (Regulation 2022/2065) [17], which states that
the platform must provide a level of transparency that allows market
participants to make informed decisions. Transparency extends beyond
simply making known the method used, as the methods can range
from simple rule-based mechanisms to complex mathematical models.
However, if the mechanism’s complexity level is high and the pricing
mechanism is difficult to understand, the degree of transparency will
not always aid in market players’ acceptance.

The inclusion of households in such markets can also lead to the
sharing and misuse of potentially sensitive information, thus privacy
concerns should be carefully considered [18]. Further, the competitive
nature of a market environment necessitates privacy in order to ensure
healthy and fair competition. Unlike traditional electricity markets,
local electricity markets accommodate private market participants with
little or no market knowledge rather than professional market partici-
pants. It is thus commonly assumed that market activity is conducted
through a third party, such as an aggregator, energy service provider,
or community manager, who is in compliance with data protection
regulations such as the European General Data Protection Regulation
(GDPR) [19]. However, despite the fact that numerous regulations
and legal frameworks exist to protect privacy and transparency, they
are not always effective in practise [12]. As a result, data protection
should be built into the algorithmic and systematic design, and a third-
party consumer agreement should include a mapping of how privacy is
protected and what information is shared. Furthermore, market partic-
ipants should be informed of the trade-off between privacy and market
efficiency [20]. Thus, implementable pricing mechanisms should be as
transparent and privacy-preserving as possible.

Mechanisms for determining the internal local electricity market
price proposed in the literature are manifold, taking into account var-
ious factors such as product differentiation [21], heterogeneous agent
preferences [22] and willingness to pay [23]. However, the analyses
of these techniques have been conducted on distinctive case studies,
with varying assumptions about market conditions [24]. As a result,
comparing and evaluating the most suitable strategy for real-world
deployment is difficult. Some studies compare pricing mechanisms
that share the same general principle, such as rule-based [25,26],
game-theoretic [27,28] and auction-based [29] methods. However, no
research has been found that compares mechanisms across these main
categories. With the diversity of pricing mechanisms proposed in the
literature, a thorough comparison of these different overall principles
is needed. To make a properly informed decision when implementing a
pricing mechanism in a real-life local electricity market, the following
questions must be answered:

• How do different pricing mechanisms influence the welfare dis-
tribution in local electricity markets?

• Which pricing mechanism is most beneficial for prosumers, and
which one is most beneficial for consumers?

• How do the different pricing mechanisms compare with respect
to privacy, transparency, and complexity?

. Literature review and contributions

A general assumption when determining the local trading price is
hat it should reflect the energy balance within the local electricity
2

arket. Additionally, to maintain stable market conditions, the price
should be higher than what the prosumers can sell their excess en-
ergy for in the traditional market and lower than what consumers
would otherwise pay in the wholesale market. With these assumptions,
various mechanisms have been proposed in the literature, which in
general can be categorised into rule-based, auction-based, game theory-
based and optimisation-based methods. More specifically, in this study,
mechanisms based on rules, distributed optimisation and equilibria
are analysed. Since auction-based mechanisms require that market
participants have knowledge of their bidding curves, they have not
been included.

2.1. Rule-based pricing

The general characterisation of rule-based pricing mechanisms is
that a set of rules sets the market price, usually applied exogenously
to the main market clearing mechanism. The prices are often set post-
event, meaning that the costs are distributed in the community after the
actual trading has taken place. This removes the need for negotiation
between the market participants and can be combined with a variety
of market clearing structures.

Bill sharing and mid-market rate are two rule-based mechanisms
that have become widely used in the literature [30]. The bill-sharing
mechanism is a pro-rata scheme based on the individual contribution
to the energy balance of each prosumer, while the mid-market rate sets
the price to be the average between the wholesale buying and selling
price. A third popular mechanism used in the literature is the supply–
demand ratio, proposed by [31]. The main idea is that the local market
price should reflect the energy balance within the energy community.
Thus, the proportion between supply and demand is used to linearly
set the price between an upper and lower bound, typically the buying
and selling price of the wholesale market. The authors emphasised
that the advantage of the supply–demand ratio mechanism is that
market participants only need to share the measured net consump-
tion with the market operator. The three mechanisms were compared
in [25,26], showing the best overall performance and the highest social
welfare among the market participants when using the supply–demand
ratio mechanism. Many versions of the mechanism have been pro-
posed in the literature, with extensions such as preferred participation
level [31], compensation rates [30], donation systems [32], alternative
pricing boundaries [33] and other incentive mechanisms [34]. There
are also several examples of how this simple rule-based method can
be combined with more complex market clearing algorithms, such as
game-theoretic markets [35] and distributed optimisation [36].

Although many of these studies showcase the increased social wel-
fare for the energy community as a whole, few analyse the welfare
distribution between consumers and prosumers. Ref. [34] found that
the basic supply–demand ratio mechanism is most beneficial to con-
sumers, while adding a fixed premium to the pricing rule moves the
advantage to the prosumers. Ref. [35] analysed the impact of different
constellations of participants and found that prosumers with a high
degree of self-sufficiency have a negative cost reduction when the
amount of prosumers (i.e., energy surplus) increases in the local market
when using the supply–demand ratio pricing mechanism. The benefits
to the consumers do, however, increase with the number of prosumers.

2.2. Distributed optimisation-based pricing

The distributed nature of local electricity markets is often used
as inspiration to clear the market in a similarly distributed fashion.
Often reasoned through privacy-related considerations, the general
motivation is to decompose the market clearing problem into individual
optimisation problems for each market participant. Thus, different
approaches to distributed optimisation are popular among the pricing
mechanisms proposed in the literature. Here, versions of the alternating

direction method of multipliers (ADMM) algorithm are reoccurring,
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most commonly the consensus ADMM (CADMM), where market par-
ticipants seek consensus on price and/or quantity within the local
electricity market. The dual version of the problem, exchange ADMM, is
also frequently used in the literature [21,36], resembling a Walrasian
auction. In this paper, the CADMM approach is chosen, as the price
settlement itself is the main focus. For further details on ADMM, readers
are referred to [37].

Ref. [38] tested the CADMM algorithm on different communication
structures of a local electricity market, concluding that the average
price remains the same for both direct peer-to-peer and community-
based structures if the economic input parameters of the market are
equal. The algorithm was compared to a centralised market clearing
approach in [39,40], where the dual variable of the market balancing
constraint is interpreted as the local trading price. The results show
how the CADMM algorithm reaches the same optimal solution as
the centralised approach, though with a lesser amount of information
shared. Ref. [41] used the CADMM mechanism to achieve a Nash
equilibrium for the local electricity price, while including individual
utility functions to capture the levels of personal satisfaction of the
market agents. The differences in cost distribution between prosumers
and consumers were addressed by [42], indicating a slight advantage to
the consumers when solving a market problem based on optimal power
flow with the CADMM algorithm.

Disregarding the use of distributed ledger technology, none of the
articles reviewed in this section have addressed the transparency of the
ADMM algorithm. Most of them justify the use of the algorithm for
pricing based on privacy preservation, but few discuss the topic beyond
this initial reasoning. Ref. [39] stated that the market participants only
have to share their local exchange profile with a supervisory node, not
with the other agents. Common for the studies is that only direct buyer-
to-seller information is shared among the agents, as this is a consensus
variable. Still, individual preferences and more sensitive information
can be shared with a third party.

2.3. Equilibrium-based pricing

With the liberalisation of energy markets, the ability to accurately
model the price and quantity equilibria influenced by the different
decision-makers in the market has become increasingly important [43].
Equilibrium- and complementarity-based problems have proven to be
particularly effective in modelling the markets’ ability to manipulate
both physical (primal) and economic (dual) variables [44]. These char-
acteristics are also valid for local electricity markets, with multiple
potentially strategic agents participating. However, to ensure an opti-
mal social welfare distribution among the market participants, the local
electricity market should preferably be subject to perfect competition.
This can be obtained by inserting all the entities’ Karush–Kuhn–Tucker
(KKT) conditions into a mixed complementarity program [43]. The
local electricity market price can then be deducted from the dual of the
market balancing constraint. The approach was demonstrated in [45],
where a peer-to-peer market subject to capacity tariffs was modelled as
a mixed complementarity program.

In the literature, these kinds of models are frequently used as the
lower level of a Stackelberg game or bilevel optimisation problem,
where the mixed complementarity program or equilibrium model is
parameterised by the decision variables of the upper level (leader) [22].
This is to simulate the response from a perfect market to signals sent
by a third party, typically the distribution system operator (DSO) or
an aggregator [46,47]. Ref. [48] modelled the interaction between a
local electricity market and the DSO. The agents in the market were
assumed price-takers, responding to signals from the cost-recovering
DSO. A community welfare-maximising mixed complementarity pro-
gram was formulated as the lower level in [22], responding to an upper
level that determined the dynamic participation of agents in the local
3

electricity market. A set of fairness factors indicated a medium degree
of allocation fairness, which were improved when adding more demand
to the local market (i.e. better supply–demand balance).

However, equilibrium problems are often considered computation-
ally intractable to solve, and many reformulate the problem into equiv-
alent optimisation problems [49]. This was demonstrated in [50],
where a multi-player equilibrium model of the local electricity market
was solved through its equivalent optimisation model. The equivalence
was proved by demonstrating that the KKT conditions of the equi-
librium problem are identical to those of the optimisation problem.
This also suggests that the desired market properties, such as market
efficiency and revenue adequacy, are preserved. The possibility of
reformulating equilibrium problems into equivalent single optimisation
problems is, however, only possible in the case of markets with perfect
competition [44]. Although equilibria are used to a smaller extent as a
pricing mechanism for local electricity markets compared to the other
mechanisms reviewed in this paper, the approach is included in the
form of a mixed complementarity program as it illustrates general price
formation under perfect competition.

2.4. Contributions of this paper

The aim of this article is to provide energy regulators and local
electricity market facilitators insight into the distributional effects of
three common local electricity market pricing mechanisms, as well as
an assessment of their privacy and transparency characteristics. For
this purpose, we compare how the supply–demand ratio, CADMM and
equilibrium pricing mechanisms impact local electricity market partic-
ipants. By applying each mechanism to the same case study, the effect
on welfare distribution among the different participant groups can be
measured. Privacy preservation is an essential aspect of implementing
such markets, but the pricing mechanisms’ explicit impact on this is
scarcely discussed in the reviewed literature. Further, apart from the
emphasis on the simplicity of the supply–demand ratio, none of the
reviewed studies have discussed the mechanisms’ level of transparency
explicitly. Comparative analyses of the mechanisms’ functionalities can
yield insight into their ability to preserve privacy, as well as their
complexity and transparency levels. Thus, the contributions of this
paper are as follows:

• A comprehensive comparison between different local electricity
market pricing mechanisms, subject to identical market condi-
tions.

• A demonstration of how the pricing mechanisms influence the
welfare and resource distribution between prosumers and con-
sumers.

• A qualitative analysis of the mechanisms’ privacy and trans-
parency characteristics.

3. Methodology

This section describes the three different pricing mechanisms which
will be compared: the supply–demand ratio, the CADMM, and an
equilibrium approach. The basic principles of the three methods are
shown in Fig. 1. It is assumed that there is a local electricity market
for an energy community, where each house communicates with the
community manager. One main difference between the methods is
that supply–demand ratio prices are calculated ex-post from measured
data, while the price in the other two mechanisms is determined ex-
ante from committed demand and generation. It is assumed that the
houses can purchase and sell electricity to both the local electricity
market and the wholesale market. The communication between the
community manager and the market platform and/or the wholesale

market is however not considered in this article.
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Fig. 1. Information exchange in pricing mechanisms.
t

.1. Underlying market clearing problem

The local electricity market in this study is cleared as a peer-to-peer
arket regardless of pricing mechanism, which means that bilateral

rades between each market participant are settled in the clearing.
o be able to compare the pricing mechanisms on a fair basis, the
arket is assumed to be cleared based on the same linear program. The

bjective of the market clearing is to minimise the total local electricity
arket costs of the energy community. From an overall local market
erspective, the internal trading costs should equal zero, as the costs of
uying and selling in the local market should be the same. Thus, the
bjective on a local electricity market level is to minimise the costs
f importing, 𝑔𝑖𝑚𝑝ℎ𝑡 , and exporting, 𝑔𝑒𝑥𝑝ℎ𝑡 , to the wholesale market for
ll time steps 𝑡 and all houses ℎ, as described in (1). These costs are
onsidered as the upper and lower bounds, respectively, for the internal
ocal electricity market price regardless of pricing mechanism in this
tudy.

in
∑

ℎ

∑

𝑡

(

(

𝐶𝑠𝑝𝑜𝑡
𝑡 + 𝐶𝑔) ⋅ 𝑔𝑖𝑚𝑝ℎ𝑡 − 𝐶𝐹 𝑖𝑇 ⋅ 𝑔𝑒𝑥𝑝ℎ𝑡

)

(1)

The costs of procuring from the wholesale market are here assumed
to equal the day-ahead spot price, 𝐶𝑠𝑝𝑜𝑡

𝑡 , and the additional tariffs
related to grid and taxes, 𝐶𝑔 . The price at which the prosumers sell
their excess electricity to a retailer is assumed to equal the feed-in-tariff,
𝐶𝐹 𝑖𝑇 . All variables in the model are non-negative.

The internal local market trades are balanced under the constraint
of (2), where the amount house ℎ procures from peer 𝑝, 𝑖ℎ𝑝𝑡, should be
equal to the amount peer 𝑝 sells to house ℎ, 𝑥𝑝ℎ𝑡, in time step 𝑡.

𝑖ℎ𝑝𝑡 = 𝑥𝑝ℎ𝑡, ∀𝑝 ≠ ℎ,∀ℎ𝑡 (2)

Furthermore, the total amount purchased, 𝑖𝐿𝑀ℎ𝑡 , or sold, 𝑥𝐿𝑀ℎ𝑡 , by
house ℎ in timestep 𝑡 should be equal to the sum of its bilateral trades,
as defined in (3) and (4).

𝑖𝐿𝑀ℎ𝑡 =
∑

𝑝≠ℎ
𝑖ℎ𝑝𝑡 ∀ℎ𝑡 (3)

𝑥𝐿𝑀ℎ𝑡 =
∑

𝑝≠ℎ
𝑥𝑝ℎ𝑡 ∀ℎ𝑡 (4)

Finally, the energy balance of each house ℎ in time step 𝑡 is con-
trolled by (5), with the respective dual variable 𝜇𝑒𝑏

ℎ𝑡 , which represents
the shadow price of one additional kilowatt-hour of electricity. This
dual will later be used for formulating the Nash game in Section 3.4.
The balance also includes parameters that represent the demand, 𝐷ℎ𝑡,
and PV generation, 𝑃𝑉ℎ𝑡, of each house.

𝑔𝑖𝑚𝑝ℎ𝑡 + 𝑖𝐿𝑀ℎ𝑡 + 𝑃𝑉ℎ𝑡 = 𝐷ℎ𝑡 + 𝑥𝐿𝑀ℎ𝑡 + 𝑔𝑒𝑥𝑝ℎ𝑡 (𝜇𝑒𝑏
ℎ𝑡 ) ∀ℎ𝑡 (5)
4

3.2. Supply–demand ratio

The supply–demand ratio pricing mechanism settles the internal
local electricity market prices after the actual trades have taken place.
The overall idea is that the price should reflect the amount of surplus
available in the local market, relative to the demand. Assuming that
the market is settled by the linear programming problem described
in Section 3.1, and assuming that the trades have been conducted
accordingly, the supply–demand ratio, 𝑠𝑡, is then defined by (6).

𝑠𝑡 =

∑

ℎ

(

𝑔𝑒𝑥𝑝ℎ𝑡 + 𝑥𝐿𝑀ℎ𝑡
)

∑

ℎ

(

𝑔𝑖𝑚𝑝ℎ𝑡 + 𝑖𝐿𝑀ℎ𝑡
) ∀𝑡 (6)

The uniform local electricity market price, 𝜆𝑡, is defined in (7) as
a convex combination of 𝑠𝑡 and the upper and lower bounds, here
assumed to be the buying and selling price of the wholesale market,
respectively.

𝜆𝑡 = 𝑠𝑡 ⋅ 𝐶
𝐹 𝑖𝑇 + (1 − 𝑠𝑡) ⋅ (𝐶

𝑠𝑝𝑜𝑡
𝑡 + 𝐶𝑔) ∀𝑡 (7)

If 𝑠𝑡 = 0, meaning that there is no surplus available in the local
electricity market, the local price equals the upper bound, 𝜆𝑡 = (𝐶𝑠𝑝𝑜𝑡

𝑡 +
𝐶𝑔). If there is an abundance of surplus in the local electricity market,
hence 𝑠𝑡 ≥ 1, the local electricity price reaches its lower bound, thus
𝜆𝑡 = 𝐶𝐹 𝑖𝑇 . Fig. 1 illustrates the settlement process of the supply–
demand ratio pricing mechanism. The pricing mechanism itself only
requires information exchange between the market participants and
the community manager consisting of net measurements of supply and
demand to the local electricity market.

3.3. Consensus alternating direction method of multipliers

The second pricing mechanism analysed in this study is the settle-
ment of local electricity market prices through the CADMM. Unlike the
supply–demand ratio pricing mechanism, local electricity market prices
are set in the market clearing process and are therefore committed day-
ahead. The market is settled by decomposing the central optimisation
problem into individual sub-problems for each of the peers. The com-
plicating constraint of the central problem is (2), as it couples together
the peers’ decisions. This constraint is thus embedded in the individual
objective function, with an aim of reaching a consensus on the two
variables through the iterative solving process. The individual objective
function is represented by the augmented Lagrangian in (8), where 𝛾 is
he penalty factor that determines the step size for each iteration.

min
∑

𝑡

(

(

𝐶𝑠𝑝𝑜𝑡
𝑡 + 𝐶𝑔) ⋅ 𝑔𝑖𝑚𝑝ℎ𝑡 − 𝐶𝐹 𝑖𝑇 ⋅ 𝑔𝑒𝑥𝑝ℎ𝑡 + 𝜆𝑝𝑡𝑖ℎ𝑝𝑡 − 𝜆ℎ𝑡𝑥𝑝ℎ𝑡

+ 𝛾‖𝑖ℎ𝑝𝑡 − �̄�𝜈−1𝑝ℎ𝑡 ‖
2 + 𝛾‖𝑥𝑝ℎ𝑡 − 𝑖𝜈−1ℎ𝑝𝑡 ‖

2
)

(8)
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The sub-problems are additionally subject to restrictions (4)–(5). To
avoid simultaneous sales and purchases from the same agent, additional
binary constraints as defined in (9) are added.
{

𝑔𝑖𝑚𝑝ℎ𝑡 = 0 and 𝑖𝐿𝑀ℎ𝑡 = 0 if 𝑢ℎ𝑡 = 0, 𝑢ℎ𝑡 ∈ {1, 0} ∀ℎ𝑡
𝑔𝑒𝑥𝑝ℎ𝑡 = 0 and 𝑥𝐿𝑀ℎ𝑡 = 0 if 𝑢ℎ𝑡 = 1, 𝑢ℎ𝑡 ∈ {1, 0} ∀ℎ𝑡

(9)

As the prices are assumed to be between the buying and selling price
f the wholesale market, the local prices are initialised by (10) at the
eginning of the procedure.

ℎ𝑡 =
𝐶𝑠𝑝𝑜𝑡
𝑡 + 𝐶𝑔 + 𝐶𝐹 𝑖𝑇

2
∀ℎ𝑡 (10)

Between each iteration of trying to reach a consensus, the local
lectricity prices are updated depending on their primal residual, as
efined in (11) and (12).

ℎ𝑡 = 𝑖𝐿𝑀ℎ𝑡 − 𝑥𝐿𝑀ℎ𝑡 ∀ℎ𝑡 (11)

(𝜈+1)
ℎ𝑡 = 𝜆𝜈ℎ𝑡 + 2 ⋅ 𝛾 ⋅ 𝑟ℎ𝑡 ∀ℎ𝑡 (12)

In practise, this means that if a consensus is not reached in iteration
, the prosumers must lower their offered prices and the consumers
ust increase theirs. This iterative process is repeated until ∑ℎ

∑

𝑡 𝑟ℎ𝑡 <
= 0.01. The iterative process is illustrated in Fig. 1. The only

nformation from the market participants to the community manager is
he committed volumes sold and purchased for each iteration. In turn,
he community manager sends back updated local market prices and
hares information about the average amount bought and sold by each
eer with the other peers.

.4. Equilibrium approach

The competitive local electricity market game is modelled using
n equilibrium approach. This is formulated by deriving the KKT
onditions of the original problem. This results in a mixed comple-
entarity program, with an additional market clearing constraint. The
ixed complementarity program can be solved directly using the PATH

olver [51], reformulated as a mixed integer linear program using the
‘Big M’’ method, or by using special order sets [52]. The linearity of the
roblem ensures that the KKT conditions are necessary and sufficient
or optimality.

The solution to the mixed complementarity problem provides a
ash equilibrium in which no market participants may improve by
hanging their decisions, mimicking perfect market competition. This is
eneficial when market operators advertise the market clearing scheme
o the consumers, due to the implicit economic fairness inferred from
he perfect competition. First, the market clearing constraint is given
y (13), clearing the local electricity market price 𝜆𝑡, which is now
onsidered in the objective of each consumer.

ℎ
(𝑖𝐿𝑀ℎ𝑡 − 𝑥𝐿𝑀ℎ𝑡 ) = 0 ⟂ 𝜆𝑡 ∀𝑡 (13)

The consumer objective from (1) can now be further derived to
14), which contains the costs and revenues related to trading in the
ocal electricity market. In addition, a small administration cost 𝐶𝑎 is
dded to purchasing of electricity, representing an envisioned cost of
acilitating trade, while also avoiding model issues related to multiple
ptimal solutions.

in
∑

𝑡

(

𝑔𝑖𝑚𝑝ℎ𝑡 ⋅
(

𝐶𝑠𝑝𝑜𝑡
𝑡 +𝐶𝑔)−𝑔𝑒𝑥𝑝ℎ𝑡 ⋅𝐶𝐹𝐼𝑇

𝑡 +(𝑖𝐿𝑀ℎ𝑡 −𝑥𝐿𝑀ℎ𝑡 )⋅𝜆𝑡+𝑖𝐿𝑀ℎ𝑡 ⋅𝐶𝑎
)

(14)

From this basis, the KKT conditions can be derived to represent the
ocal electricity market competitive game (15)–(19). All variables are
till nonnegative, with the exception of the duals related to the equality
onstraints, which are free.
𝑠𝑝𝑜𝑡 𝑒𝑏 𝑔 𝑖𝑚𝑝
5

𝑡 + 𝜇ℎ𝑡 + 𝐶 ≥ 0 ⟂ 𝑔ℎ𝑡 ≥ 0 ∀ℎ𝑡 (15)
− 𝐶𝐹 𝑖𝑇
𝑡 − 𝜇𝑒𝑏

ℎ𝑡 ≥ 0 ⟂ 𝑔𝑒𝑥𝑝ℎ𝑡 ≥ 0 ∀ℎ𝑡 (16)

𝑡 + 𝜇𝑒𝑏
ℎ𝑡 + 𝐶𝑎 ≥ 0 ⟂ 𝑖𝐿𝑀ℎ𝑡 ≥ 0 ∀ℎ𝑡 (17)

− 𝜆𝑡 − 𝜇𝑒𝑏
ℎ𝑡 ≥ 0 ⟂ 𝑥𝐿𝑀ℎ𝑡 ≥ 0 ∀ℎ𝑡 (18)

𝑖𝑚𝑝
ℎ𝑡 + 𝑖𝐿𝑀ℎ𝑡 + 𝑃𝑉ℎ𝑡 −𝐷ℎ𝑡 − 𝑥𝐿𝑀ℎ𝑡 − 𝑔𝑒𝑥𝑝ℎ𝑡 = 0 ⟂ 𝜇𝑒𝑏

ℎ𝑡 ∀ℎ𝑡 (19)

.5. Fairness indicators

Measuring how fair a market is perceived to be by its participants
s a complicated task, especially when subject to preferences as di-
erse and irrational as in local electricity markets. In order to address
he pricing mechanisms’ impact on welfare and resource distribution,
airness is in this paper defined as just that: economic fairness. Three
ndicators have gained momentum in the literature in assessing the eco-
omic fairness of local electricity markets, as demonstrated in [36,22],
.g. The first one, quality of service, measures the allocation fairness and
s based on Jain’s index [53].

uality of service𝑡 =
(
∑

ℎ
(

𝑥𝐿𝑀ℎ𝑡 + 𝑖𝐿𝑀ℎ𝑡
))2

𝐻 ⋅
∑

ℎ
(

𝑥𝐿𝑀ℎ𝑡 + 𝑖𝐿𝑀ℎ𝑡
)2

∀𝑡 (20)

A quality of service value of 1 indicates that all the market par-
ticipants get an equal share of the resources traded within the market.
This is not necessarily a relevant outcome for a local electricity market,
as the participants’ demands naturally vary. However, it may give an
indication if the market is subject to particularly impactful participants
and thus of the market’s robustness against strategic behaviour [36].

The next indicator, quality of experience, measures the deviation in
observed costs within the local market. The observed electricity cost of
each market participant is defined in (21).

𝑞ℎ𝑡 =
𝑔𝑖𝑚𝑝ℎ𝑡 ⋅

(

𝐶𝑠𝑝𝑜𝑡
𝑡 + 𝐶𝑔) − 𝑔𝑒𝑥𝑝ℎ𝑡 ⋅ 𝐶𝐹𝐼𝑇

𝑡 + 𝜆𝑡 ⋅
(

𝑖𝐿𝑀ℎ𝑡 − 𝑥𝐿𝑀ℎ𝑡
)

𝐷ℎ𝑡 − 𝑃𝑉ℎ𝑡
∀ℎ𝑡 (21)

The quality of experience indicator is then defined as the ratio
etween the standard deviation of the perceived prices, 𝜎, and the

maximum deviation, 𝜎𝑚𝑎𝑥𝑡 = (𝐶𝑠𝑝𝑜𝑡
𝑡 + 𝐶𝑔) − 𝐶𝐹 𝑖𝑇 .

Quality of experience𝑡 = 1 −
𝜎𝑡

𝜎𝑚𝑎𝑥𝑡
∀𝑡 (22)

The quality of experience indicator gets a value of 1 if the perceived
rices are equal for all participants. Lastly, the minimum–maximum
airness indicator indicates the difference between the minimum and
aximum import from the wholesale market.

inimum-maximum𝑡 =
minℎ(𝑔

𝑖𝑚𝑝
ℎ𝑡 )

maxℎ(𝑔
𝑖𝑚𝑝
ℎ𝑡 )

∀𝑡 (23)

With a minimum–maximum value of 1, all the participants are
equally dependent on the system outside the local electricity market.

4. Case study

To properly compare the three pricing methods, it is essential that
they are tested under the same conditions. Thus, two case studies were
designed in order to capture the mechanisms’ behaviour when subject
to low and high amounts of available surplus within the local electricity
market. The cases are illustrated in Fig. 2, where Case 1 includes 30%
prosumers and Case 2 includes 60% prosumers. All prosumers in both
cases are equipped with 3 kWp rooftop PV panels. For both cases, the
penalty parameter 𝛾 of the CADMM mechanism is empirically set to
0.15, after testing the convergence of different values. A business-as-
usual (BAU) reference scenario is also included, where there is no local
electricity market, the consumers cover their demand by procuring
from the grid and the prosumers sell all their surplus to a retailer for a
feed-in-tariff. The feed-in-tariff used is set to the German 2020 value of

𝑎
8.16 €c/kWh [54] and the administration cost 𝐶 is set to 0.01 €c/kWh.
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Fig. 2. Illustration of the case study setup.
Table 1
Annual demand of each house.

House nr.

1 2 3 4 5 6 7 8 9 10

Demand [kWh] 3527 2341 3433 2203 2476 3350 2933 2948 3565 3366

All simulations were run on a Lambda Quad RTX 2080 Ti, with an Intel
Core i9-9920X @ 3.5 GHz, 128 GB RAM (Ubuntu 18.04.6 LTS).

All input data are equal across the case studies and pricing mech-
anisms. This includes hourly time series for the German electricity
day-ahead prices from 2020 retrieved from NordPool. A markup of
3 €c/kWh is added to simulate the perceived electricity price for
households purchasing electricity through a retailer in Germany [55].
Additionally, costs related to grid fees, taxes, and other surcharges are
added as a fixed value of 23.88 €c/kWh throughout the year, according
to German levels from 2020 [55]. PV production profiles were retrieved
through the open-source tool Renewable Ninja [56], and were gen-
erated through the NASA MERRA-2 meteorological database [57] for
a location in southern Germany. The load profiles of each household
are generated through the Artificial Load Profile Generator developed
by [58], replicating the consumption profiles of various types of Dutch
households, assumed to be similar to the German consumption pro-
files.1 The annual demand of each house is shown in Table 1, while
the total load and PV production are shown in Fig. 3.

5. Results and discussion

The main results for the three pricing mechanisms are presented
and discussed in this section. First, an overview of the local electricity
market prices and welfare distribution is given, as well as an evalu-
ation of the mechanisms’ performance in terms of economic fairness.
Second, the privacy concerns, information sharing, transparency and
complexity of the different pricing mechanisms are discussed.

5.1. Local electricity market prices and welfare distribution

This section shows the results for Case LowPV and Case HighPV.
First, we investigate the market clearing of the different price mecha-
nisms for one specific day to understand how the prices are determined
and how it affects each household in the community. Second, we
summarise the overall local electricity market price, total costs and
welfare distribution for each household, and evaluate the fairness of the
pricing mechanisms through the indicators introduced in Section 3.5.

1 In accordance with the household categories defined by this tool, the
following are used for this case study: one SingleWorker, two SingleRe-
tired, one DualWorker, one part-time DualWorker, two DualRetired, two
FamilyDualWorker and one part-time FamilyDualWorker.
6

5.1.1. Case LowPV
Fig. 4 illustrates the behaviour of the three mechanisms on a repre-

sentative example day in February. As the market is cleared with the
linear program introduced in Section 3.1 for the central market clearing
applied together with the supply–demand ratio pricing mechanism, the
objective is to minimise total community costs. Thus, the trades are dis-
tributed accordingly and assigned to whichever prosumer contributes
to lowering the community costs in a said hour. House 3 sells most of its
surplus this day. Note that the supply–demand ratio pricing mechanism
can be combined with a variety of market clearing algorithms, and
the central market clearing used in this paper is just one example. As
the market dispatch is determined by the market clearing and not the
pricing mechanism, it is not necessarily a general result for the supply–
demand ratio pricing mechanism. However, this clearly differs from
the market dispatch assigned through the CADMM approach, where
priority is given to the prosumer who offers the lowest price. The price
level corresponds to the amount of surplus, so that the prosumer with
the highest surplus offers the lowest price. For this particular day,
house 10 sells most of its surplus within the local electricity market,
while the other prosumers sell theirs to the retailer. In contrast to the
supply–demand ratio dispatch, house 3 exchanges almost no energy
within the local electricity market. An even distribution of traded
volumes is observed in the equilibrium approach which represents a
more ‘‘compromise-oriented’’ market outcome compared to the two
former approaches.

Fig. 5 offers a closer look at the prices set by the three mechanisms
for the whole year, sorted by the volume exchanged for the price.
The equilibrium pricing mechanism models prices endogenously, which
means that the prices are determined by the alternative prices that the
agents observe. The alternative prices in this case study are the whole-
sale price and feed-in-tariff, resulting in an ‘‘either/or’’ distribution of
the prices between the two bounds. While the available surplus within
the local electricity market is lower than the demand, the local price
stays close to the value of the retailer buying price. When the local
market reaches its saturation point, i.e. the surplus exceeds the demand,
the local price drops to the feed-in-tariff level. This also happens for the
prices set by the supply–demand ratio pricing mechanism. However,
unlike the equilibrium pricing mechanism, the price only equals the
wholesale price when no trade occurs within the local electricity market
and is otherwise linearly set between the two bounds depending on
the extent to which the surplus covers the local demand. For the
CADMM algorithm, the local prices are initialised to be in the middle
of the buying and selling price of the outside market. The effect of
this initialisation can be clearly observed in Fig. 5 as the prices remain
at this level independently of the volume traded. With only inflexible
solar production present in the local electricity market, the procedure
requires relatively few iterations to reach a consensus, and the effect
of the adjustments made by (12) is minimal. The penalty factor 𝛾 is
also relatively low, empirically set for the sake of convergence, and

thus the adjustments are small. It should be noted that the CADMM
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Fig. 3. Total PV and load for both cases.
Fig. 4. Exchange example for one day (February 25) Case LowPV. Houses discussed in the text are highlighted for increased readability.
rices presented in this section are the mean of the individual prices
btained. The individual differences are minimal, again due to the low
enalty factor and number of iterations, and thus the mean value offers
n adequate impression of the price levels of the mechanism.

The same effects are further highlighted by the duration curve in
ig. 7. Here, the prices are sorted in descending order over the year.
he prices obtained through the CADMM mechanism clearly follow the

nitial value, with a stable level between the buying and selling price
hroughout the year. The price levels of the other two mechanisms are
ore equal, but with slightly lower prices with the supply–demand

atio mechanism when there is activity in the local market without
aturation (0 < 𝑠𝑡 < 1).

Combining market insights and pricing behaviour, the welfare dis-
ribution between market participants can be analysed. Fig. 6 shows
ow much each of the market participants saves in annual costs for
he three mechanisms, compared to the BAU scenario. Prosumers are
arked by PV illustrations underneath the 𝑥-axis. The prices of the
ADMM mechanism never reach the lower bound, and thus the method

s more beneficial for prosumers than consumers. However, due to the
‘winner-takes-all’’ outcome of the market clearing, the extent of the
7

Table 2
Total costs [€] Case LowPV.

Customer type BAU Supply–demand CADMM Equilibrium

Prosumers 1391 1301 (−7.5%) 946 (−32.0%) 1148 (−17.5%)
Consumers 5966 5109 (−14.4%) 5464 (−8.4%) 5262 (−11.8%)
Total 7357 6410 (−12.9%) 6410 (−12.9%) 6410 (−12.9%)

benefits varies among the prosumers. On the other side, due to its
low prices, the supply–demand ratio mechanism yields the highest cost
savings for consumers, but the lowest cost savings for the prosumers.
The equilibrium mechanism results in the most even cost distribution
for all participants. The total costs of the different market participant
groups are summarised in Table 2. The prosumers’ collective advantage
with the CADMM pricing mechanism is further highlighted, as well as
the consumers’ advantage with the supply–demand ratio mechanism.

5.1.2. Case HighPV
In the case of high PV generation, the level of self-sufficiency in

the local electricity market is naturally improved. Thus, despite the
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Fig. 5. Scatter plot of local electricity market prices with respect to volume exchanged in market Case LowPV.
Fig. 6. Cost savings compared to business as usual Case LowPV.
Fig. 7. Local electricity market price duration curve in all cases. Upper and lower bounds are shown as ‘‘spot+grid’’ and ‘‘FiT’’, respectively.
increase in the number of prosumers, the amount exchanged within the
local market decreased as the net demand of the neighbourhood de-
creased. This is illustrated in Fig. 8. Still, the same dispatch behaviour
is observed for all three mechanisms, with an arbitrary distribution by
8

the supply–demand ratio approach, a single assignment to house 2 by
the CADMM and an even allocation by the equilibrium mechanism.
Compared to Fig. 4, house 2 has taken over from house 10, and
dominates the market for this day. In Case LowPV, house 10 was the
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Fig. 8. Exchange example for one day (February 25) Case HighPV. Houses discussed in the text are highlighted for increased readability.
Fig. 9. Scatter plot of price in local electricity market vs. volume exchanged in the market Case HighPV.
prosumer with the highest net production, which is surpassed by house
2 in Case HighPV. This indicates that the CADMM pricing mechanism
prioritises the prosumer that offers the highest volume to the market.

The prices follow the same tendencies as in Case LowPV, but with
less density between the two bounds for the supply–demand ratio and
the equilibrium mechanisms (Fig. 9). This is due to the high share of
PV production compared to the community demand, thus reaching a
market saturation level and the lower pricing bound more frequently
than in Case LowPV. However, the prices of the CADMM mechanism
are unaffected by this situation and are similar to the ones obtained for
Case LowPV. The duration curve in Fig. 7 further confirms this, as the
CADMM prices are still at a steady level at the middle of the buying and
selling prices of the outside market. Here, one can also observe how the
two other pricing mechanisms reach the lower bound quicker than in
the previous case, at 6311 hours compared to 7126 hours at this point
for Case LowPV.

With the reduced demand within the local electricity market, higher
competition and the prices being pushed down towards the feed-in-
tariff, the benefits to the prosumers are considerably reduced in Case
9

HighPV, as seen in Table 3. Consumers still have lower costs with the
supply–demand ratio mechanism, and prosumers still have lower costs
with the CADMM mechanism, but the differences between the pricing
mechanisms and the BAU scenario are reduced for all. The new energy
balance in the market has also affected individual revenues, as shown
in Fig. 10. Looking at house 10 in Figs. 6 and 10, the loss of market
share has remarkably reduced the annual cost savings, thus limiting the
incentives to participate in the local electricity market. Houses 2 and 8,
with the highest net production among the prosumers, are prioritised
by the CADMM mechanism to trade within the local electricity market
and are still able to secure some revenue compared to the other
pricing mechanisms. This implies that an investment in production
capacity in a local electricity market with a supply–demand ratio or
equilibrium pricing mechanism implemented limits the profitability for
all prosumers in the market, while investing in the largest capacity can
still be beneficial through the CADMM mechanism.

The aggregated costs for each of the market participant groups are
summarised in Table 3 and confirm the trends observed in Fig. 10. The
total cost is naturally reduced for all mechanisms due to the higher
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Fig. 10. Cost savings compared to business as usual Case HighPV.
Table 3
Total costs [€] Case HighPV.

Customer type BAU Supply demand CADMM Equilibrium

Prosumers 1396 1383 (−0.9%) 1318 (−5.6%) 1371 (−1.8%)
Consumers 4344 3716 (−14.5%) 3781 (−13.0%) 3728 (−14.2%)
Total 5740 5099 (−11.2%) 5099 (−11.2%) 5099 (−11.2%)

degree of self-sufficiency. The prosumers’ costs have also increased for
all cases, partly due to a higher number of participants within this
group, but the differences between the mechanisms have significantly
decreased compared to Case LowPV. The values are also very close
to the BAU prosumer cost value. As most prosumers are forced to
sell a high share of their surplus to the retailer instead of within the
local electricity market, the impact of the local pricing mechanism is
diminished. The same can be observed for the consumers, but with a
higher benefit of participating in the local electricity market compared
to the BAU scenario.

5.1.3. Fairness evaluation
For a deeper investigation of the pricing mechanisms’ impact on the

perceived fairness among participants in the local electricity market,
the fairness indicators quality of service, quality of experience and
minimum–maximum fairness, introduced in Section 3.5 are applied to
both case studies. It should be noted that only the quality of experience
indicator is directly related to pricing mechanisms. The other two assess
the allocation fairness of the underlying market mechanism, which
cannot be used to draw general conclusions about the supply–demand
ratio pricing mechanism as the market dispatch is determined by its
underlying market clearing, not the pricing mechanism. However, they
can serve as comparative indices for the CADMM and equilibrium
market dispatches, as well as validation for the generalisability of the
examples in Figs. 4 and 8. The mean value of each indicator for all three
mechanisms is presented in Table 4, along with its standard deviation.
All values are calculated based on the hours of the year when there
is activity in the local electricity market, which in total is 3040 and
3307 hours for cases LowPV and HighPV, respectively.

For Case LowPV, the quality of service is almost equal for the
supply–demand ratio and CADMM mechanisms (0.57 and 0.58, respec-
tively). A value of 1 would indicate that all the market participants get
an equal share of the volume traded within the local electricity market.
This is consistent with the behaviour seen in Fig. 4, which shows an
uneven distribution of trades among the market participants for both
mechanisms. Furthermore, the balanced dispatch of the equilibrium
observed in the same figure results in a higher quality of service (0.69).
In Case HighPV, increasing the number of prosumers improves the
10
equilibrium pricing mechanisms’ quality of service because more of
the neighbourhood residents can participate in the local market with
a relatively even distribution of traded volumes. Still, for both cases,
the equilibrium pricing mechanism results in slightly higher standard
deviations than the other mechanisms, indicating a larger hourly varia-
tion in the quality of service throughout the year. The quality of service
of the supply–demand ratio pricing mechanism is almost unaffected
by the change indicating a similar dispatching behaviour regardless
of the energy balance within the local electricity market. In contrast,
the quality of service is significantly reduced for the CADMM pricing
mechanism. The indicator has clearly captured how the market is
dominated by some players, as indicated in Figs. 6 and 10. The quality
of service values obtained in both cases are consistent with the values
obtained in both [36], where the market is cleared using an ADMM
approach, and [22], where it is cleared using an equilibrium approach.

The minimum–maximum indicator is primarily used in markets
where arbitrage is permitted [59], and therefore the information it
can provide in this study is limited. The low values for all cases and
pricing mechanisms do, however, indicate a relatively large difference
between market participants’ need to import from the market, which
is not uncommon in a local electricity market context due to typically
high shares of local generation and variations in demand. With energy
storage available in the local electricity market, a value of 1 would
imply that some prosumers purchase energy from the wholesale market
without the need to do so, before reselling it to other community
members, thus contributing equally to the total community imports
from the retailer [36]. This would in turn increase the disparities in
the individually perceived electricity prices, i.e., lowering the fairness
of the local electricity market.

According to the quality of experience values in Table 4, the indi-
vidually perceived prices are quite homogeneous for all of the pricing
mechanisms examined in this study. A value of 1 indicates that all
market participants get the same perceived price in all time steps. For
the equilibrium pricing mechanism, the indicator has a mean value of 1
throughout the year, with no deviation, implying a 100% fair market in
terms of the participants’ economic satisfaction. The equilibrium-based
market in [22] only obtained a quality of experience of around 60%–
70%, depending on the case study. However, the prices were distorted
by adding a willingness-to-pay for each of the market participants,
and are thus not directly comparable to the outcome of this study. As
this mechanism determines the prices based on the alternative costs,
the perceived prices for all participants, whether they participate in
the market or not, would be the same. As the prices of the supply–
demand ratio pricing mechanism, especially in Case HighPV, frequently
hit the upper or lower bound, and therefore effectively obtain a similar
effect as the equilibrium mechanism, the quality of experience for
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Table 4
Fairness indicators.

Quality of Service Quality of Experience Minimum–maximum
Mean St.dev. Mean St.dev. Mean St.dev.

Case LowPV
Supply–demand 0.57 0.17 0.94 0.09 0.33 0.24
CADMM 0.58 0.16 0.86 0.06 0.28 0.25
Equilibrium 0.69 0.19 1.00 0.00 0.33 0.24

Case HighPV
Supply–demand 0.58 0.16 0.98 0.06 0.35 0.23
CADMM 0.45 0.17 0.82 0.04 0.26 0.25
Equilibrium 0.78 0.21 1.00 0.00 0.35 0.23
this mechanism is also high. When there is market activity without
saturation, i.e., 0 < 𝑠𝑡 < 1, the price is set somewhere between the limits
nd the perceived prices differ between those who participate in the
ocal market and those who do not. As a result, the annual mean quality
f experience is slightly lower than that of the equilibrium mechanism.
he CADMM pricing mechanism has a lower quality of experience
han the other mechanisms and is the only one that decreases in Case
ighPV, compared to Case LowPV. This is due to the slight difference

n the individual local electricity prices, and the constant difference
etween the local and wholesale prices. The values are, however, even
ower than those obtained from the ADMM-based market in [36]. This
ay be due to the use of exchange ADMM instead of CADMM or
ifferences in the underlying market conditions and parameters.

In this study, the three fairness indicators are used to evaluate
he post-market clearing performance on the economic fairness of the
hree pricing mechanisms. For further development of the algorithms
owards real-life implementation, criteria for maximising economic
airness could to a larger extent be embedded into the algorithms. One
pproach would be to incorporate similar indicators as used in this
tudy into the objective function, but this would necessitate complex
ecisions on how to weight the various indicators. Another approach
s to formulate them as constraints, but this can make the optimisation
roblem intractable. Adding fairness considerations into the optimisa-
ion process rather than post-optimisation evaluation also necessitates
stricter definition of what constitutes economic fairness as well as a
ore rigorous prioritisation of which aspects to include. Additionally,

dding more complexity to the pricing mechanisms may affect the
echanisms’ scalability. As the purpose of this study is to evaluate

xisting mechanisms, the implementation of such alterations is beyond
he scope but should be investigated in further research.

In summary, the equilibrium pricing mechanism appears to perform
he best regarding economic fairness. Because the mechanism assumes
erfect competition, it should achieve competitive fairness in theory.
owever, these indicators only provide limited insight into the market
articipants’ actual experiences when subject to the pricing mecha-
isms and only assess the purely economic aspects of the local elec-
ricity market. Thus, further evaluation of other aspects of perceived
airness is required, as well as practical assessments of participants’
esponses.

.2. Information sharing and privacy concerns

In this section, the information sharing and privacy concerns raised
y each of the pricing mechanisms are discussed. Only the aspects re-
ated to the mechanisms themselves are considered, and other privacy-
reserving tools that could be added to a potential local electricity
arket framework, such as distributed ledger technology, are excluded.
able 5 summarises the required amount of information shared by each
f the three pricing mechanisms.

The supply–demand ratio pricing mechanism necessitates the least
mount of information sharing and thus offers the best privacy pro-
ection of the three pricing mechanisms investigated. Not only is there

minimal requirement for information sharing, but there is also no
equirement to share any information with other market participants.
his is true for the pricing mechanism itself, not the central market
11
Table 5
Information shared in the three pricing mechanisms.

Characteristic Supply–demand CADMM Equilibrium

Net metered load Yes No Yes
Trading volumes No Yesa Yes
Objective/preferences No No Yes
Asset type and specifications No No Yes
Asset demand No No Yes

aOnly the average traded volumes are shared with other market participants

clearing used in this study. Furthermore, the price is determined ex-
post, which means that no information must be shared in real-time.
Instead, after the market period has ended and the prices have been
cleared, net-metered consumption data are sent. By using advanced
techniques, net-metered consumption can be translated into detailed
information on what type of components a specific market participant
has, and when they are used. This could provide competition-disturbing
insight, or even more invasive, provide information about the market
participants’ whereabouts.

The CADMM pricing mechanism requires market participants to
share their market position in order to reach an ex-ante consensus.
A participant’s market position is here defined as the offered volume
traded for a certain price. Because the method relies on market partic-
ipants reaching consensus iteratively, information must be exchanged
back and forth. However, only market positions must be shared, not
detailed consumption and production data. This adds an additional
layer of privacy since no information on asset demand, specifications,
or preferences need to be exchanged. The central entity receives each
participant’s market position and then conveys the average market
position of all market participants back to each individual participant,
ideally resulting in market clearing convergence. As only the aver-
age market position of each participant is exchanged, the CADMM
approach provides an extra layer of privacy compared to standard
ADMM, in which the market position of each individual participant is
shared [36]. However, due to the slow convergence of these methods,
some insight into participants’ private information may occur [60].
The CADMM model in this study took 2300 seconds of CPU time,
compared to 86 and 1200 seconds for the supply–demand ratio and
equilibrium models, respectively. The CADMM solvability could have
been improved by parallelisation or other accelerating methods [61],
which would have resulted in a shorter computational time. Still, the
computational burden of this and the equilibrium model may cause
issues with both privacy and scalability. Moreover, adversarial models
or inverse optimisation techniques may be used to reconstruct the
individual optimisation problems or parameters [62].

Third and last, the equilibrium pricing mechanism necessitates ex-
tensive data sharing ex-ante. In order to clear the market, detailed
specifications and consumption data (if applicable) for specific assets
must be provided in addition to forecasted net demand. As a result,
of the three suggested methods, the equilibrium pricing mechanism
has the greatest need for data sharing. Similar to the supply–demand
ratio pricing mechanism, data must be shared with a central entity and
not with other market participants. However, because the equilibrium

approach necessitates complete knowledge of each participant’s data,
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Table 6
Privacy and transparency characteristics of the three pricing mechanisms.

Characteristic Supply–demand CADMM Equilibrium

Information shared with Central entity Central entity and market participantsa Central entity
Detail level of sharing Low Medium High
Method complexity level Low High Medium
Transparency on daily price Yes Yes, but complicatedb Yesb

aOnly the average traded volumes are shared with other market participants.
bAt the cost of privacy.
t has the most serious consequences in the event of a breach. This
roblem has been the motivation for anonymised auctions [63], but
hese come at the expense of less efficient markets. As indicated in
he literature review in Section 2.3, solving mixed complementarity
roblems directly may not be a realistic option for real-life implementa-
ion of local electricity pricing mechanisms. Still, many of its optional
ransformations, such as central mixed integer linear programs, have
he same requirements for information sharing.

As summarised in Table 6, the three mechanisms have in common
hat information is shared with a responsible third party, to various
egrees. This is not unique to local electricity markets and is a situation
hat is generally accepted in other sectors. With the widespread use of
ocial media, most people already accept the collection of sensitive data
bout them, both intentionally and unintentionally, and without nec-
ssarily being aware of the full extent [18]. This suggests that privacy
references are highly subjective and that the amount of information
hat someone is willing to share can vary among the participants [64].

.3. Transparency and complexity

The last aspect to be evaluated in this study is the level of trans-
arency and complexity of the pricing mechanisms. It should be noted
hat only the transparency of the pricing mechanisms is discussed,
ot the transparency that can be provided by other tools such as
istributed ledger technology. As the market participants should be
ble to understand both the logic behind the pricing mechanism and
he resulting daily prices, we distinguish between transparency and
omplexity in these two elements. A summary of the transparency and
omplexity of the three pricing mechanisms is provided in Table 6.

.3.1. Transparency and complexity of the pricing mechanism
The supply–demand ratio pricing mechanism is straightforward and

oes not raise significant transparency concerns. Because the method
s rule-based, it should be understandable to the majority of market
articipants. The upper and lower bounds of the market price should
e thoroughly explained, ensuring that market participants understand
etween which two points the price will move. The ex-post nature
f the supply–demand ratio pricing mechanism has some drawbacks,
s market participants will not know the local market price when
lanning their demand, adding some complexity to daily operations.
owever, with knowledge of the upper and lower bounds, participants
ave an indication of the local price on which to base their operational
ecisions.

The CADMM pricing mechanism is far more complex and raises a
umber of transparency and complexity concerns. First, the method
s based on advanced mathematical formulations and optimisation
roblems, which are hardly comprehensible to most individuals. Sec-
nd, the optimisation problem is decomposed and solved using a dis-
ributed optimisation method which has issues with convergence and
requently necessitates empirical adjustments to the step size parame-
ers. As implied by the results in this study, this parameter alteration
lso influences the market price, which may lead to a conflict of
nterest.

The equilibrium pricing mechanism is also complex in the sense that
t relies on advanced optimisation techniques. However, under the as-
umption of convexity and sufficient scalability, the pricing mechanism
12
can guarantee a Nash equilibrium solution, which may be a more com-
prehensible concept. Perfect competition is a well-established concept
in economics, and the method can be explained using popular thought
experiments such as the Prisoner’s Dilemma. Scalability remains an
issue, which might require transformation into more scalable methods
as mentioned in Section 2.3.

5.3.2. Transparency of the daily market price
Transparency on price formation is simple under the

supply–demand ratio pricing mechanism because price formation only
requires aggregated net-metered data to be determined. This is more
difficult under the CADMM approach because the method is not only
advanced but also based on iterative negotiations that are tuned by
a series of adjustable parameters. Nonetheless, the market operator
could go beyond sharing only the average market position to shar-
ing each market participant’s market position in each iterative step,
which would only slightly violate the market participants’ privacy.
Furthermore, information about the CADMM algorithm’s adjustable
parameters could be provided, but these are difficult to interpret.
As previously stated, the values of these parameters are empirically
determined for numerical convergence, which has little meaning for
most market participants. As they in turn affect the daily market price
to such a large extent, as seen in this study, it can be difficult to
convince the participants of the reasoning behind the outcome. Lastly,
the effect of the starting point of this algorithm, where the price is
initiated to be in the middle of the buying and selling price of the
wholesale market, is found to be significant. As seen in this study,
with so few iterations the final price rarely deviates significantly from
the initial price, possibly leading some to argue that the price is pre-
determined by the market operator. The logic behind this may be
difficult to explain to the market participants. This issue may change if
flexibility or other dispatchable sources are introduced into the market,
necessitating more iterations to reach a consensus and thus reducing
the effect of the starting point.

Still, both the supply–demand ratio and CADMM pricing mecha-
nisms are more privacy-preserving than the equilibrium pricing mecha-
nism, in which price formation can only be explained by sharing the full
information of every market participant. However, because the price
often equals the lower or upper bound (assuming no storage or other
flexibility is available), net metered data indicating whether or not the
market has a surplus of generation may be sufficient to explain the
price.

6. Conclusion

In this study, three principally different pricing mechanisms for
local electricity markets have been compared. A vast number of mech-
anisms are proposed in the literature, each tailored to different market
conditions and participant characteristics. Thus, for well-informed deci-
sions in future implementations, a comprehensive analysis of the mech-
anisms’ behaviour when applied to the same case study is required. The
supply–demand ratio, CADMM and equilibrium-based pricing mecha-
nisms were all tested in two different case studies, with a low and high
share of PV generation available in the local electricity market.

Investigating the welfare distribution among the two market partici-
pant groups, consumers and prosumers, it was observed that consumers



Applied Energy 341 (2023) 121112M.F. Dynge et al.
Table 7
Nomenclature.
Sets
𝑡 ∈ 𝑇 Hours 𝑡 in time horizon 𝑇 hours
ℎ, 𝑝 ∈ 𝐻 Peers ℎ and 𝑝 in houses 𝐻 –
Scalars
𝐶𝑔 Energy term of grid tariff EURc/kWh
𝐶𝑎 Administration cost EURc/kWh
𝐶𝐹 𝑖𝑇 Feed-in-Tariff EURc/kWh
𝛾 Penalty factor –
Parameters
𝐷ℎ𝑡 Demand of house ℎ in time step 𝑡 kW
𝑃𝑉ℎ𝑡 Electricity production from PV of house ℎ in time step 𝑡 kW
𝐶𝑠𝑝𝑜𝑡
𝑡 Wholesale spot price for electricity from the grid in time step 𝑡 EURc/kWh

𝑠𝑡 Supply–demand ratio –
𝑟ℎ𝑡 Primal residual of CADMM kWh
Variables
𝑔𝑖𝑚𝑝ℎ𝑡 Grid import to house ℎ in time step 𝑡 kWh
𝑔𝑒𝑥𝑝ℎ𝑡 Export to grid from house ℎ in time step 𝑡 kWh
𝑖ℎ𝑝𝑡 Electricity purchase of house ℎ from peer 𝑝 in time step 𝑡 kWh
𝑥𝑝ℎ𝑡 Electricity sold by house ℎ to peer 𝑝 in time step 𝑡 kWh
𝑖𝐿𝑀ℎ𝑡 Electricity purchase of house ℎ in time step 𝑡 from local market kWh
𝑥𝐿𝑀ℎ𝑡 Electricity sold by house ℎ in time step 𝑡 from local market kWh
𝑢ℎ𝑡 Binary variable for CADMM {0, 1}
𝜆ℎ𝑡/𝜆𝑡 Local electricity market price EURc/kWh
𝜇𝑒𝑏
ℎ𝑡 Market balance dual EURc/kWh

𝑞ℎ𝑡 Perceived price by house ℎ in time step 𝑡 EURc/kWh
𝜎𝑡 Standard deviation of perceived prices in time step 𝑡 EURc/kWh
𝜎𝑚𝑎𝑥
𝑡 Maximum deviation in perceived price in time step 𝑡 EURc/kWh
obtained the lowest costs through the supply–demand ratio pricing
mechanism because of its low prices. In contrast, prosumers benefited
the most from the CADMM pricing mechanism because of its con-
sistently high price level compared to the other mechanisms. These
trends were the same regardless of the market’s energy balance, i.e. the
two case studies. The supply–demand pricing mechanism excels in
simplicity, privacy and transparency, and should hence be an attractive
candidate in early-stage local electricity market adoption. As local elec-
tricity markets mature and gain more trust, the equilibrium approach
is superior in terms of economic efficiency and is a clear long-term
candidate. However, the privacy-related issue of the mechanism must
be solved. The CADMM pricing mechanism has privacy benefits but
suffers from convergency issues and reliance on adjustable parameters,
as well as raising transparency and complexity concerns. As a result, the
mechanism is less practically realisable than the other two mechanisms.

The conclusions of this research should serve as inspiration for
future comparative assessments of pricing mechanisms, and help in
the making of informed decisions about the establishment of local
electricity markets. Since this research only investigated three of the
different pricing mechanisms available, future studies should broaden
their scope to cover additional pricing mechanisms. Other charac-
teristics, such as a more in-depth analysis of the fairness aspect or
computational tractability, might be incorporated in more detailed
comparisons. Moreover, further research should be conducted to ex-
amine how pricing mechanisms compare when there is flexibility in
the local electricity market and the potential for strategic behaviour
emerges. Finally, interdisciplinary aspects of energy and social-political
decisions may be coupled with the demonstrated framework, which
may aid decision-makers and policymakers in making the best available
decisions when designing the boundaries of future local electricity
markets.

CRediT authorship contribution statement

Marthe Fogstad Dynge: Conceptualization, Methodology, Soft-
ware, Validation, Formal analysis, Investigation, Resources, Data cu-
ration, Writing – original draft, Writing – review & editing, Project
administration. Kjersti Berg: Conceptualization, Validation, Formal
analysis, Writing – original draft, Writing – review & editing, Vi-
sualization. Sigurd Bjarghov: Conceptualization, Methodology, Soft-
ware, Writing – original draft, Writing – review & editing. Ümit Cali:
13

Conceptualization, Resources, Writing – review & editing, Supervision.
Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgements

This work was partly supported by the project consortium of the
research project FINE (Flexible Integration of Local Energy Communi-
ties into the Norwegian Electricity Distribution System), financed by
the Research Council of Norway [project number 308833].

Appendix. Nomenclature

See Table 7.

References

[1] IRENA. Renewable power generation costs in 2021. Tech. Rep., Abu Dhabi:
International Renewable Energy Agency; 2022.

[2] Directive (EU) 2018/2001 of the European Parliament and of the European
council of 11 December 2018 on the promotion of the use of energy from re-
newable sources. 2018, URL https://eur-lex.europa.eu/eli/dir/2018/2001/2018-
12-21. [Accessed 24 January 2023].

[3] Directive (EU) 2019/944 of the European Parliament and of the Council of
5 June 2019 on the common rules for the internal market for electricity
and amending directive 2012/27/EU. 2019, URL https://eur-lex.europa.eu/
legal-content/EN/TXT/PDF/?uri=OJ:L:2019:158:FULL&from=EN. [Accessed 24
January 2023].

[4] Rana R, Berg K, Degefa MZ, Löschenbrand M. Modelling and simulation
approaches for local energy community integrated distribution networks. IEEE
Access 2022;10:3775–89. http://dx.doi.org/10.1109/ACCESS.2022.3140237.

[5] Bjarghov S, Loschenbrand M, Ibn Saif AUN, Alonso Pedrero R, Pfeiffer C,
Khadem SK, et al. Developments and challenges in local electricity markets:
A comprehensive review. IEEE Access 2021;9:58910–43. http://dx.doi.org/10.

1109/ACCESS.2021.3071830.

http://refhub.elsevier.com/S0306-2619(23)00476-2/sb1
http://refhub.elsevier.com/S0306-2619(23)00476-2/sb1
http://refhub.elsevier.com/S0306-2619(23)00476-2/sb1
https://eur-lex.europa.eu/eli/dir/2018/2001/2018-12-21
https://eur-lex.europa.eu/eli/dir/2018/2001/2018-12-21
https://eur-lex.europa.eu/eli/dir/2018/2001/2018-12-21
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=OJ:L:2019:158:FULL&from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=OJ:L:2019:158:FULL&from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=OJ:L:2019:158:FULL&from=EN
http://dx.doi.org/10.1109/ACCESS.2022.3140237
http://dx.doi.org/10.1109/ACCESS.2021.3071830
http://dx.doi.org/10.1109/ACCESS.2021.3071830
http://dx.doi.org/10.1109/ACCESS.2021.3071830


Applied Energy 341 (2023) 121112M.F. Dynge et al.
[6] Tushar W, Saha TK, Yuen C, Smith D, Poor HV. Peer-to-peer trading in electricity
networks: An overview. IEEE Trans Smart Grid 2020;11(4):3185–200. http:
//dx.doi.org/10.1109/TSG.2020.2969657.

[7] Hackbarth A, Löbbe S. Attitudes, preferences, and intentions of German house-
holds concerning participation in peer-to-peer electricity trading. Energy Policy
2020;138:111238. http://dx.doi.org/10.1016/J.ENPOL.2020.111238.

[8] Georgarakis E, Bauwens T, Pronk AM, AlSkaif T. Keep it green, simple and
socially fair: A choice experiment on prosumersâ preferences for peer-to-peer
electricity trading in the Netherlands. Energy Policy 2021;159. http://dx.doi.
org/10.1016/j.enpol.2021.112615.

[9] Hahnel UJJ, Herberz M, Pena-Bello A, Parra D, Brosch T. Becoming prosumer:
Revealing trading preferences and decision-making strategies in peer-to-peer en-
ergy communities. Energy Policy 2020;137. http://dx.doi.org/10.1016/J.ENPOL.
2019.111098.

[10] Mengelkamp E, Schönland T, Huber J, Weinhardt C. The value of local
electricity-A choice experiment among German residential customers. Energy
Policy 2019;130:294–303. http://dx.doi.org/10.1016/j.enpol.2019.04.008.

[11] Borges CE, Kapassa E, Touloupou M, Macón JL, Casado-Mansilla D. Blockchain
application in P2P energy markets: Social and legal aspects. Connect Sci
2022;34(1):1066–88. http://dx.doi.org/10.1080/09540091.2022.2047157.

[12] Wang R, Bush-Evans R, Arden-Close E, Bolat E, McAlaney J, Hodge S, et al.
Transparency in persuasive technology, immersive technology, and online mar-
keting: Facilitating users’ informed decision making and practical implications.
Comput Hum Behav 2023;139:107545. http://dx.doi.org/10.1016/J.CHB.2022.
107545.

[13] Reijnders VMJJ, Gerards MET, Hurink JL. A hybrid electricity pricing mechanism
for joint system optimization and social acceptance within energy communities.
Energy Rep 2022;8:13281–92. http://dx.doi.org/10.1016/j.egyr.2022.10.021.

[14] Hampton H, Foley A, Del Rio DF, Smyth B, Laverty D, Caulfield B. Customer
engagement strategies in retail electricity markets: A comprehensive and com-
parative review. Energy Res Soc Sci 2022;90:102611. http://dx.doi.org/10.1016/
j.erss.2022.102611.

[15] Hirth L, Mühlenpfordt J, Bulkeley M. The ENTSO-E transparency platform –
A review of Europe’s most ambitious electricity data platform. Appl Energy
2018;225:1054–67. http://dx.doi.org/10.1016/J.APENERGY.2018.04.048.

[16] ENTSO-E. Electricity market transparency. 2023, URL https://www.entsoe.eu/
data/transparency-platform/#the-entso-e-transparency-platform. [Accessed 19
January 2023].

[17] Regulation (EU) 2022/2065 of the European Parliament and of the Council of
19 october 2022 on a single market for digital services and amending directive
2000/31/EC (digital services act). 2022, URL https://eur-lex.europa.eu/legal-
content/EN/TXT/?uri=CELEX:32022R2065. [Accessed 24 January 2023].

[18] Naus J, van Vliet BJM, Hendriksen A. Households as change agents in a Dutch
smart energy transition: On power, privacy and participation. Energy Res Soc
Sci 2015;9:125–36. http://dx.doi.org/10.1016/j.erss.2015.08.025.

[19] Regulation (EU) 2016/679 of the European Parliament and of the Council
of 27 April 2016, European Commission. URL https://eur-lex.europa.eu/legal-
content/EN/TXT/PDF/?uri=CELEX:32016R0679.

[20] Kessler S, Flath CM, Böhm K. Allocative and strategic effects of privacy en-
hancement in smart grids. Inf Syst 2015;53:170–81. http://dx.doi.org/10.1016/
j.is.2014.09.007.

[21] Morstyn T, McCulloch MD. Multiclass energy management for peer-to-peer
energy trading driven by prosumer preferences. IEEE Trans Power Syst
2019;34(5):4005–14. http://dx.doi.org/10.1109/TPWRS.2018.2834472.

[22] Perger T, Auer H. Dynamic participation in local energy communities with peer-
to-peer trading [version 1; peer review: 1 approved]. Open Res Eur 2022;2(5).
http://dx.doi.org/10.12688/openreseurope.14332.1.

[23] Fernandez E, Hossain MJ, Mahmud K, Nizami MSH, Kashif M. A Bi-level
optimization-based community energy management system for optimal energy
sharing and trading among peers. J Clean Prod 2021;279:123254. http://dx.doi.
org/10.1016/J.JCLEPRO.2020.123254.

[24] Tsaousoglou G, Giraldo JS, Paterakis NG. Market mechanisms for local electricity
markets: A review of models, solution concepts and algorithmic techniques.
Renew Sustain Energy Rev 2022;156:111890. http://dx.doi.org/10.1016/j.rser.
2021.111890.

[25] Zhou Y, Wu J, Long C. Evaluation of peer-to-peer energy sharing mechanisms
based on a multiagent simulation framework. Appl Energy 2018;222:993–1022.
http://dx.doi.org/10.1016/J.APENERGY.2018.02.089.

[26] Grzanic M, Morales JM, Pineda S, Capuder T. Electricity cost-sharing in
energy communities under dynamic pricing and uncertainty. IEEE Access
2021;9:30225–41. http://dx.doi.org/10.1109/ACCESS.2021.3059476.

[27] Mitridati L, Kazempour J, Pinson P. Design and game-Theoretic analysis of
community-based market mechanisms in heat and electricity systems. Omega
2021;99:102177. http://dx.doi.org/10.1016/j.omega.2019.102177.

[28] Chen Y, Park B, Kou X, Hu M, Dong J, Li F, et al. A comparison study on trading
behavior and profit distribution in local energy transaction games. Appl Energy
2020;280:115941. http://dx.doi.org/10.1016/J.APENERGY.2020.115941.

[29] Lin J, Pipattanasomporn M, Rahman S. Comparative analysis of auction
mechanisms and bidding strategies for P2P solar transactive energy markets.
Appl Energy 2019;255(August):113687. http://dx.doi.org/10.1016/j.apenergy.
2019.113687.
14
[30] Long C, Wu J, Zhang C, Thomas L, Cheng M, Jenkins N. Peer-to-peer energy
trading in a community microgrid. In: IEEE general meeting power & energy
society. Chicago, IL, USA: IEEE; 2017, p. 1–5. http://dx.doi.org/10.1109/PESGM.
2017.8274546.

[31] Liu N, Yu X, Wang C, Li C, Ma L, Lei J. Energy-sharing model with price-based
demand response for microgrids of peer-to-peer prosumers. IEEE Trans Power
Syst 2017;32(5):3569–83. http://dx.doi.org/10.1109/TPWRS.2017.2649558.

[32] Cali U, Cakir O. Novel donation sharing mechanisms under smart energy cyber-
physical-social system and DLT to contend the energy poverty problem. IEEE
Access 2021;9:127037–53. http://dx.doi.org/10.1109/ACCESS.2021.3106833.

[33] Dynge MF, Halden U, Klæboe G, Cali U. LCOE-based pricing for DLT-enabled
local energy trading platforms. Front Energy Res 2022;10. http://dx.doi.org/10.
3389/fenrg.2022.901009.

[34] Cali U, Cakir O. Energy policy instruments for distributed ledger technology
empowered peer-to-peer local energy markets. IEEE Access 2019;7:82888–900.
http://dx.doi.org/10.1109/ACCESS.2019.2923906.

[35] Luo X, Shi W, Jiang Y, Liu Y, Xia J. Distributed peer-to-peer energy trading based
on game theory in a community microgrid considering ownership complexity of
distributed energy resources. J Clean Prod 2022;351:131573. http://dx.doi.org/
10.1016/j.jclepro.2022.131573.

[36] Moret F, Pinson P. Energy collectives: A community and fairness based approach
to future electricity markets. IEEE Trans Power Syst 2019;34(5):3994–4004.
http://dx.doi.org/10.1109/TPWRS.2018.2808961.

[37] Boyd S, Parikh N, Chu E, Peleato B, Eckstein J. Distributed optimization and
statistical learning via the alternating direction method of multipliers. Found
Trends Mach Learn 2011;3(1):1–122. http://dx.doi.org/10.1561/2200000016.

[38] Baroche T, Moret F, Pinson P. Prosumer markets: A unified formulation. In:
2019 IEEE Milan PowerTech. 2019, p. 1–6. http://dx.doi.org/10.1109/PTC.2019.
8810474.

[39] Lilla S, Orozco C, Borghetti A, Napolitano F, Tossani F. Day-ahead scheduling
of a local energy community: An alternating direction method of multipliers
approach. IEEE Trans Power Syst 2020;35(2):1132–42. http://dx.doi.org/10.
1109/TPWRS.2019.2944541.

[40] Nguyen DH. Optimal solution analysis and decentralized mechanisms for peer-
to-peer energy markets. IEEE Trans Power Syst 2021;36(2):1470–81. http://dx.
doi.org/10.1109/TPWRS.2020.3021474.

[41] Paudel A, Gooi HB. Pricing in peer-to-peer energy trading using distributed
optimization approach. In: IEEE Power and Energy Society General Meet-
ing 2019-August, 2019, p. 8–12. http://dx.doi.org/10.1109/PESGM40551.2019.
8973868.

[42] van Leeuwen G, AlSkaif T, Gibescu M, van Sark W. An integrated blockchain-
based energy management platform with bilateral trading for microgrid com-
munities. Appl Energy 2020;263:114613. http://dx.doi.org/10.1016/j.apenergy.
2020.114613.

[43] Ruiz C, Conejo AJ, Fuller JD, Gabriel SA, Hobbs BF. A tutorial review of
complementarity models for decision-making in energy markets. Eur J De-
cis Process 2014;2(1–2):91–120. http://dx.doi.org/10.1007/S40070-013-0019-
0/FIGURES/3.

[44] Gabriel SA, Conejo AJ, Fuller JD, Hobbs BF, Ruiz C. Complementarity Modeling
in Energy Markets. New York, NY: Springer New York; 2013, http://dx.doi.org/
10.1007/978-1-4419-6123-5{_}4.

[45] Bjarghov S, Askeland M, Backe S. Peer-to-peer trading under subscribed capacity
tariffs - An equilibrium approach. In: International Conference on the European
Energy Market, EEM 2020-September(9 2020). IEEE Computer Society; 2020,
http://dx.doi.org/10.1109/EEM49802.2020.9221966.

[46] Mirzapour-Kamanaj A, Majidi M, Zare K, Kazemzadeh R. Optimal strategic
coordination of distribution networks and interconnected energy hubs: A linear
multi-follower bi-level optimization model. Int J Electr Power Energy Syst
2020;119:105925. http://dx.doi.org/10.1016/j.ijepes.2020.105925.

[47] Sheikhahmadi P, Bahramara S, Mazza A, Chicco G, Catalão JPS. Bi-level
optimization model for the coordination between transmission and distribution
systems interacting with local energy markets. Int J Electr Power Energy Syst
2021;124:106392. http://dx.doi.org/10.1016/J.IJEPES.2020.106392.

[48] Askeland M, Backe S, Bjarghov S, Korpås M. Helping end-users help each other:
Coordinating development and operation of distributed resources through local
power markets and grid tariffs. Energy Econ 2021;94:105065. http://dx.doi.org/
10.1016/j.eneco.2020.105065.

[49] Thomas D, Kazempour J, Papakonstantinou A, Pinson P, Deblecker O,
Ioakimidis CS. A local market mechanism for physical storage rights. IEEE
Trans Power Syst 2020;35(4):3087–99. http://dx.doi.org/10.1109/TPWRS.2020.
2967998.

[50] Thomas D, Kounelis I, Kotsakis E, De Paola A, Fulli G. Sharing unused storage
in local energy markets utilizing physical storage rights: A non-cooperative
game theoretic approach. J Energy Storage 2022;55:105755. http://dx.doi.org/
10.1016/j.est.2022.105755.

[51] Ferris MC, Munson TS. Complementarity problems in GAMS and the PATH solver.
J Econom Dynam Control 2000;24(2):165–88. http://dx.doi.org/10.1016/S0165-
1889(98)00092-X.

[52] Siddiqui S, Gabriel S. An SOS1-based approach for solving MPECs with a natural
gas market application. Netw Spat Econ 2012;13. http://dx.doi.org/10.1007/
s11067-012-9178-y.

http://dx.doi.org/10.1109/TSG.2020.2969657
http://dx.doi.org/10.1109/TSG.2020.2969657
http://dx.doi.org/10.1109/TSG.2020.2969657
http://dx.doi.org/10.1016/J.ENPOL.2020.111238
http://dx.doi.org/10.1016/j.enpol.2021.112615
http://dx.doi.org/10.1016/j.enpol.2021.112615
http://dx.doi.org/10.1016/j.enpol.2021.112615
http://dx.doi.org/10.1016/J.ENPOL.2019.111098
http://dx.doi.org/10.1016/J.ENPOL.2019.111098
http://dx.doi.org/10.1016/J.ENPOL.2019.111098
http://dx.doi.org/10.1016/j.enpol.2019.04.008
http://dx.doi.org/10.1080/09540091.2022.2047157
http://dx.doi.org/10.1016/J.CHB.2022.107545
http://dx.doi.org/10.1016/J.CHB.2022.107545
http://dx.doi.org/10.1016/J.CHB.2022.107545
http://dx.doi.org/10.1016/j.egyr.2022.10.021
http://dx.doi.org/10.1016/j.erss.2022.102611
http://dx.doi.org/10.1016/j.erss.2022.102611
http://dx.doi.org/10.1016/j.erss.2022.102611
http://dx.doi.org/10.1016/J.APENERGY.2018.04.048
https://www.entsoe.eu/data/transparency-platform/#the-entso-e-transparency-platform
https://www.entsoe.eu/data/transparency-platform/#the-entso-e-transparency-platform
https://www.entsoe.eu/data/transparency-platform/#the-entso-e-transparency-platform
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32022R2065
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32022R2065
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32022R2065
http://dx.doi.org/10.1016/j.erss.2015.08.025
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32016R0679
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32016R0679
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32016R0679
http://dx.doi.org/10.1016/j.is.2014.09.007
http://dx.doi.org/10.1016/j.is.2014.09.007
http://dx.doi.org/10.1016/j.is.2014.09.007
http://dx.doi.org/10.1109/TPWRS.2018.2834472
http://dx.doi.org/10.12688/openreseurope.14332.1
http://dx.doi.org/10.1016/J.JCLEPRO.2020.123254
http://dx.doi.org/10.1016/J.JCLEPRO.2020.123254
http://dx.doi.org/10.1016/J.JCLEPRO.2020.123254
http://dx.doi.org/10.1016/j.rser.2021.111890
http://dx.doi.org/10.1016/j.rser.2021.111890
http://dx.doi.org/10.1016/j.rser.2021.111890
http://dx.doi.org/10.1016/J.APENERGY.2018.02.089
http://dx.doi.org/10.1109/ACCESS.2021.3059476
http://dx.doi.org/10.1016/j.omega.2019.102177
http://dx.doi.org/10.1016/J.APENERGY.2020.115941
http://dx.doi.org/10.1016/j.apenergy.2019.113687
http://dx.doi.org/10.1016/j.apenergy.2019.113687
http://dx.doi.org/10.1016/j.apenergy.2019.113687
http://dx.doi.org/10.1109/PESGM.2017.8274546
http://dx.doi.org/10.1109/PESGM.2017.8274546
http://dx.doi.org/10.1109/PESGM.2017.8274546
http://dx.doi.org/10.1109/TPWRS.2017.2649558
http://dx.doi.org/10.1109/ACCESS.2021.3106833
http://dx.doi.org/10.3389/fenrg.2022.901009
http://dx.doi.org/10.3389/fenrg.2022.901009
http://dx.doi.org/10.3389/fenrg.2022.901009
http://dx.doi.org/10.1109/ACCESS.2019.2923906
http://dx.doi.org/10.1016/j.jclepro.2022.131573
http://dx.doi.org/10.1016/j.jclepro.2022.131573
http://dx.doi.org/10.1016/j.jclepro.2022.131573
http://dx.doi.org/10.1109/TPWRS.2018.2808961
http://dx.doi.org/10.1561/2200000016
http://dx.doi.org/10.1109/PTC.2019.8810474
http://dx.doi.org/10.1109/PTC.2019.8810474
http://dx.doi.org/10.1109/PTC.2019.8810474
http://dx.doi.org/10.1109/TPWRS.2019.2944541
http://dx.doi.org/10.1109/TPWRS.2019.2944541
http://dx.doi.org/10.1109/TPWRS.2019.2944541
http://dx.doi.org/10.1109/TPWRS.2020.3021474
http://dx.doi.org/10.1109/TPWRS.2020.3021474
http://dx.doi.org/10.1109/TPWRS.2020.3021474
http://dx.doi.org/10.1109/PESGM40551.2019.8973868
http://dx.doi.org/10.1109/PESGM40551.2019.8973868
http://dx.doi.org/10.1109/PESGM40551.2019.8973868
http://dx.doi.org/10.1016/j.apenergy.2020.114613
http://dx.doi.org/10.1016/j.apenergy.2020.114613
http://dx.doi.org/10.1016/j.apenergy.2020.114613
http://dx.doi.org/10.1007/S40070-013-0019-0/FIGURES/3
http://dx.doi.org/10.1007/S40070-013-0019-0/FIGURES/3
http://dx.doi.org/10.1007/S40070-013-0019-0/FIGURES/3
http://dx.doi.org/10.1007/978-1-4419-6123-5{_}4
http://dx.doi.org/10.1007/978-1-4419-6123-5{_}4
http://dx.doi.org/10.1007/978-1-4419-6123-5{_}4
http://dx.doi.org/10.1109/EEM49802.2020.9221966
http://dx.doi.org/10.1016/j.ijepes.2020.105925
http://dx.doi.org/10.1016/J.IJEPES.2020.106392
http://dx.doi.org/10.1016/j.eneco.2020.105065
http://dx.doi.org/10.1016/j.eneco.2020.105065
http://dx.doi.org/10.1016/j.eneco.2020.105065
http://dx.doi.org/10.1109/TPWRS.2020.2967998
http://dx.doi.org/10.1109/TPWRS.2020.2967998
http://dx.doi.org/10.1109/TPWRS.2020.2967998
http://dx.doi.org/10.1016/j.est.2022.105755
http://dx.doi.org/10.1016/j.est.2022.105755
http://dx.doi.org/10.1016/j.est.2022.105755
http://dx.doi.org/10.1016/S0165-1889(98)00092-X
http://dx.doi.org/10.1016/S0165-1889(98)00092-X
http://dx.doi.org/10.1016/S0165-1889(98)00092-X
http://dx.doi.org/10.1007/s11067-012-9178-y
http://dx.doi.org/10.1007/s11067-012-9178-y
http://dx.doi.org/10.1007/s11067-012-9178-y


Applied Energy 341 (2023) 121112M.F. Dynge et al.
[53] Jain R, Chiu DM, WR H. A quantitative measure of fairness and discrimination
for resource allocation in shared computer systems. 1998, CoRR cs.NI/9809099.

[54] Wirth H. Recent facts about photovoltaics in Germany. 2021, URL
https://www.ise.fraunhofer.de/content/dam/ise/en/documents/publications/
studies/recent-facts-about-photovoltaics-in-germany.pdf. [Accessed 17
November 2022].

[55] der Energie-und Wasserwirtschaft e.V BEWB. BDEW-strompreisanalyse juli
2022 (in German). 2022, URL https://www.bdew.de/media/documents/220727_
BDEW-Strompreisanalyse_Juli_2022.pdf. [Accessed 17 November 2022].

[56] Pfenninger S, Staffell I. Long-term patterns of European PV output using 30
years of validated hourly reanalysis and satellite data. Energy 2016;114:1251–65.
http://dx.doi.org/10.1016/J.ENERGY.2016.08.060.

[57] Rienecker MM, Suarez MJ, Gelaro R, Todling R, Bacmeister J, Liu E, et al.
MERRA: NASA’s modern-era retrospective analysis for research and applications.
J Clim 2011;24(14):3624–48. http://dx.doi.org/10.1175/JCLI-D-11-00015.1.

[58] Hoogsteen G. A Cyber-Physical Systems Perspective on Decentralized Energy
Management [Ph.D. thesis], Enschede, The Netherlands: University of Twente;
2017, http://dx.doi.org/10.3990/1.9789036544320.
15
[59] Oliveira C, Botelho DF, Soares T, Faria AS, Dias BH, Matos MA, et al. Consumer-
centric electricity markets: A comprehensive review on user preferences and key
performance indicators. Electr Power Syst Res 2022;210:108088. http://dx.doi.
org/10.1016/j.epsr.2022.108088.

[60] Le Cadre H, Jacquot P, Wan C, Alasseur C. Peer-to-peer electricity market
analysis: From variational to generalized Nash equilibrium. European J Oper
Res 2020;282(2):753–71. http://dx.doi.org/10.1016/j.ejor.2019.09.035.

[61] Olivella-Rosell P, Rullan F, Lloret-Gallego P, Prieto-Araujo E, Ferrer-San-José R,
Barja-Martinez S, et al. Centralised and distributed optimization for aggregated
flexibility services provision. IEEE Trans Smart Grid 2020;11(4):3257–69. http:
//dx.doi.org/10.1109/TSG.2019.2962269.

[62] Shokri R, Stronati M, Song C, Shmatikov V. Membership inference attacks against
machine learning models. In: 2017 IEEE Symposium on Security and Privacy. SP,
2017, p. 3–18. http://dx.doi.org/10.1109/SP.2017.41.

[63] Buchmann E, Kessler S, Jochem P, Böhm K. The Costs of Privacy in Local
Energy Markets. In: 2013 IEEE 15th Conference on Business Informatics. 2013,
p. 198–207. http://dx.doi.org/10.1109/CBI.2013.36, ISSN: 2378-1971.

[64] Doumen SC, Nguyen P, Kok K. Challenges for large-scale local electricity mar-
ket implementation reviewed from the stakeholder perspective. Renew Sustain
Energy Rev 2022;165:112569. http://dx.doi.org/10.1016/j.rser.2022.112569.

http://refhub.elsevier.com/S0306-2619(23)00476-2/sb53
http://refhub.elsevier.com/S0306-2619(23)00476-2/sb53
http://refhub.elsevier.com/S0306-2619(23)00476-2/sb53
https://www.ise.fraunhofer.de/content/dam/ise/en/documents/publications/studies/recent-facts-about-photovoltaics-in-germany.pdf
https://www.ise.fraunhofer.de/content/dam/ise/en/documents/publications/studies/recent-facts-about-photovoltaics-in-germany.pdf
https://www.ise.fraunhofer.de/content/dam/ise/en/documents/publications/studies/recent-facts-about-photovoltaics-in-germany.pdf
https://www.bdew.de/media/documents/220727_BDEW-Strompreisanalyse_Juli_2022.pdf
https://www.bdew.de/media/documents/220727_BDEW-Strompreisanalyse_Juli_2022.pdf
https://www.bdew.de/media/documents/220727_BDEW-Strompreisanalyse_Juli_2022.pdf
http://dx.doi.org/10.1016/J.ENERGY.2016.08.060
http://dx.doi.org/10.1175/JCLI-D-11-00015.1
http://dx.doi.org/10.3990/1.9789036544320
http://dx.doi.org/10.1016/j.epsr.2022.108088
http://dx.doi.org/10.1016/j.epsr.2022.108088
http://dx.doi.org/10.1016/j.epsr.2022.108088
http://dx.doi.org/10.1016/j.ejor.2019.09.035
http://dx.doi.org/10.1109/TSG.2019.2962269
http://dx.doi.org/10.1109/TSG.2019.2962269
http://dx.doi.org/10.1109/TSG.2019.2962269
http://dx.doi.org/10.1109/SP.2017.41
http://dx.doi.org/10.1109/CBI.2013.36
http://dx.doi.org/10.1016/j.rser.2022.112569

	Local electricity market pricing mechanisms' impact on welfare distribution, privacy and transparency
	Introduction
	Literature Review and Contributions
	Rule-Based Pricing
	Distributed Optimisation-Based Pricing
	Equilibrium-Based Pricing
	Contributions of This Paper

	Methodology
	Underlying Market Clearing Problem
	Supply–Demand Ratio
	Consensus Alternating Direction Method of Multipliers
	Equilibrium Approach
	Fairness Indicators

	Case study
	Results and Discussion
	Local Electricity Market Prices and Welfare Distribution
	Case LowPV
	Case HighPV
	Fairness Evaluation

	Information Sharing and Privacy Concerns
	Transparency and Complexity
	Transparency and Complexity of the Pricing Mechanism
	Transparency of the Daily Market Price


	Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Appendix. Nomenclature
	References


