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ABSTRACT In recent years, power systems have undergone changes in technology and definition of the
associated stakeholders. With the increase in distributed renewable generation and small- to medium-sized
consumers starting to actively participate on the supply side, a suitable incorporation of decentralized agents
into the power system is required. A promising scheme to support this shift is given by local electricity
markets. These provide an opportunity to extend the liberal wholesale markets for electrical power found in
Europe and the United States to the communal level. Compared to these more established markets, local
electricity markets, however, neither have few practical implementations nor standardized frameworks.
In order to fill this research gap and classify the types of local electricity markets, the presented paper
therefore starts with the challenges that these markets attempt to solve. This is then extended to an analysis of
the theoretical and practical background with a focus on these derived challenges. The theoretical background
is provided in the form of an introduction to state-of-the-art models and the associated literature, whereas the
practical background is provided in form of a summary of ongoing and recent projects on local electricity
markets. As a result, this paper presents a foundation for future research and projects attempting to approach
the here presented challenges in distribution of generation, integration of demand response, decentralization
of markets and legal and social issues via local electricity markets.

INDEX TERMS Distributed generation, distribution grid, decentralized markets, local electricity markets,

peer-to-peer, smart grid.

I. INTRODUCTION

A. MOTIVATION AND CONTRIBUTIONS

The power sector is undergoing a transition driven by the
integration of distributed energy resources in order to elec-
trify the other sectors, including transport, heat and industrial
processes. Proliferation of grid automation and digital tech-
nologies has enabled the new design and operation of local
electricity markets (LEM). These are nationally decentralized
trading solutions that aim to connect consumers and genera-
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tors that are in close spatial proximity. Spatial proximity is
not constant as the proximity which is required for trades
in a local electricity market to have a purpose is not fixed.
However, it is worth highlighting that the proximity that is
required is based on the problem that is to be solved, be it in
the distribution or transmission grid.

Local electricity markets are a result of recent structural
changes in power systems due to an increase in distributed
energy resources. This comes as a result of drastic investment
cost reductions in small-scale flexibility assets and produc-
tion that has led to a decentralization of agents in the power
system. These new agents primarily consist of end-users
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whose aim is to invest in behind-the-meter local production
for self-consumption, or use local flexibility in order to react
to price signals.

The use of distributed energy resources can lead to not only
more efficient energy use as the production is moved closer
to the consumption, but also a lower carbon footprint than
conventional power production from thermal plants. Active
consumers who are able to produce electricity, also referred
to as prosumers, are envisioned as a central and sustainable
part of the energy transition of the European Union [1].
In addition, direct power system participation of smaller-scale
prosumers, e.g. small businesses or households, has become
a core focus of the European Union’s electricity strategy [2].
However, for prosumer integration to happen fast enough
to meet climate targets, price signals and subsequently
market structures must be changed in order to correctly
incentivize end-users to participate actively in the power
system.

Such an integration could allow for not only an expansion
of renewable generation, but would also provide opportu-
nities for future grid planning and stability. As such, the
European transmission system operator network ENTSO-E
highlights distributed energy resources as key assets that
must be made available for the distribution and transmission
system operators (DSO/TSO) using active system manage-
ment techniques to access the flexibility in the distribution
grid [3].

However, an increasing number of agents in the distribu-
tion grid also results in a series of challenges for the sys-
tem operators, as an essential part of dealing with increased
distributed energy resources consists of integrating them into
the power system without compromising the security or qual-
ity of supply, such as reliability and voltage levels. Chal-
lenges with frequency balancing, congestion management,
bi-directional power flow and variable renewable generation
are paired with technological, social and legislative chal-
lenges such as fairness and acceptance.

In order to embrace the widespread opportunities and chal-
lenges offered by local electricity markets, the power system
operators require an assessment of the existing operational
models and regulatory aspect. The primary goal of this paper
is to perform a comprehensive review of the technical and
regulatory challenges in the implementation and modeling
of local electricity market structures, and provide possible
solutions to overcome these challenges.

The summary of the provided meta-review of literature
review papers presented in Table 1 shows that, aside from
Ref. [4], literature reviews on local markets were performed
with a focus on peer-to-peer (P2P) trading mechanisms. As a
result, specific challenges for local electricity markets have
been underrepresented in literature reviews. This is the gap
this paper aims to fill. In addition, this paper aims to build on
the discovered challenges of implementation and specifically
address them within the analysis of the models and imple-
mentations it provides. In summary, the contributions of this
work are the following:
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« Anin-depth analysis of the challenges of local electricity
markets (not restricted to peer-to-peer trading).

o A state-of-the-art introduction on and review of mathe-
matical models for local electricity markets.

« An extended overview of existing local electricity mar-
ket projects and implementation technologies with a
focus on the outlined challenges.

These mentioned contributions stand in contrast to the
previous P2P-focused literature studies on the topic of local
markets. Projects and implementation of these studies have
been covered in Ref. [5]. This was expanded in Ref. [6]
where an Information and Communication Technology (ICT)
systems review was also performed. Ref. [7] focused on
centralized and decentralized market designs, whereas Ref.
[8] illuminated challenges related to architectures and power
routing. Furthermore, Ref. [9] reviewed papers in the vir-
tual layer, combining the aspects of market design compar-
ison, architectures and ICT systems. Local P2P trading ICT
systems and architectures were subject to review in Ref.
[10] and Ref. [11], while an extensive survey of distributed
optimization models of the power system was the focal
point of [12].

The presented paper is organized as follows: an overview
of local electricity markets is presented in this section. Chal-
lenges of such markets are addressed in Section II. A review
of modeling approaches for local electricity markets and
associated distribution grid problems follows in Section III,
itself followed by an overview of existing projects and their
implementation in Section IV. Concluding remarks and sug-
gestions for future work are provided in Section V.

B. INTRODUCTION TO LOCAL ENERGY AND ELECTRICITY
MARKETS

Traditionally, power systems involved a top-down approach
where large-scale producers and (industry) consumers made
upper-level decisions and small-scale producers and con-
sumers were involved as reactive instead of active decision
makers. An increase in distributed resources in both supply
and demand, however, has led to a bottom-up revolution in the
energy system [13]. In particular, renewable generation has
been shown to have positive impacts on local communities,
e.g. through supporting rural electrification [14], [15]. As
this paper will illustrate later, distribution of such resources,
however, will also lead to potential challenges. For example,
planning uncertainty can increase and large-scale coordina-
tion can suffer.

As mentioned previously, in the context of distributed gen-
eration, local electricity markets are a tool to decentralize the
coordination of participants in a grid, by unifying participants
behind a common denominator - local electricity market
prices. These market prices aim to facilitate local trade, or in
other words, prioritize the exchange of energy resources in
smaller spatial distances over larger distances.

These local electricity markets are closely related to the
empowerment of the end-consumer of electricity, and thus the
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TABLE 1. Previous literature reviews on local electricity markets and related topics.

Reference Scope Focus
[5] peer-to-peer (local & distributed) projects & implementation
[6] peer-to-peer (local & distributed) ICT systems & implementation
[4] local markets market design comparison
[7] peer-to-peer (local & distributed) market design comparison
[8] peer-to-peer (local & distributed)  challenges, architectures & power routing
[9] peer-to-peer (local & distributed) market design comparison,

architectures & ICT systems

[10] peer-to-peer (local) ICT systems
[11] peer-to-peer (local) architectures & ICT systems
[12] distributed optimization models

this paper local markets challenges, models & implementation
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FIGURE 1. Local electricity market clearing topologies.

formation of local energy communities. The main objectives
of participants in local energy trading can be defined as a
reduction of energy costs, gaining (at least partial) indepen-
dence from utility companies and/or protection of the envi-
ronment [16]. The participation in such markets also has the
potential to raise local energy production and to create jobs
and stimulate economic growth in the region [17], which can
be additional motivational factors. As outlined in Ref. [18],
distributed investments into local generation are essential for
the large-scale integration of renewable generation within
power systems under liberalized markets and local electricity
markets are a tool to support such issues. This is also shown in
Article 16 of the “Clean Energy for all Europeans™ package
of the European Union which projects energy communities,
and thus small-scale financial entities, to account for 17% of
installed wind capacity and 21% of solar capacity by 2030
[19]. Furthermore, even though the characteristics of local
electricity markets lie in bottom-up, i.e. grassroots, initiatives
with consumer empowerment as a core pillar [20], a European
Commission review of 72 EU projects related to local energy
communities [21] concludes that DSOs have a central role in
the development and operation of local electricity markets.
Ref. [22] further postulates that TSO-DSO cooperation also
plays a central role in the coordination of local electricity
markets in the power system. However, and similar to whole-
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sale markets, a single, local electricity market design does not
exist.

Conceptually speaking, the interaction of agents can be
separated into either peer-to-peer (directly, from participant
to participant) or pool-trading (indirectly, via the aggregate
of the market), with latter being the norm in implementations
of wholesale markets on electricity [23].

In terms of their market-side interactions, however, there
are three distinct topologies that we identify based on the
literature presented below. These topologies are shown in Fig-
ure 1:

o Pool market trading (centralized)

« Hybrid market where peer-to-peer trading can be initi-
ated via an exchange

« Full peer-to-peer trading with bilateral trades only

Refs. [7] and [24] provide an overview of the advan-
tages and challenges of these market designs specifically
for local electricity markets. In Ref. [7], the advantages
of fully decentralized markets given are the higher free-
dom of choice for electricity consumer and producer,
the empowerment of active consumers, more consideration
of prosumer preferences in energy usage and the preserva-
tion of consumer/prosumer democratization. The authors in
Ref. [24] commented on similar advantages, including the
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TABLE 2. Comparison of local market clearing topologies.

Criterion Centralized Hybrid Decentralized
Scalability Low <~ High
Transparency Low <~ High
Reliability Low <~ High
Computational cost High = Low
Communication cost High = Low
Consumer-centricity Low = High

mentioned democratization and consideration of individual
consumer/prosumer preferences. In addition to this, both
studies mention a number of challenges, including significant
investments and maintenance of ICT systems and issues in
the reliability of supply. Moreover, in Ref. [7], the authors
comment on additional issues including scalability, computa-
tional, and power system resilience issues.

Regarding a centralized market design, the authors in
Ref. [7] determine the advantages as increased cooper-
ation among community members, higher resilience in
communities, enhanced sharing of electricity and better sup-
port for grid operator services. To add to this, Ref. [24]
identifies the provision of high-quality energy services as
another advantage of such markets. However, a number of
challenges, including fairness in energy sharing, more com-
plexity in management specifically from the aspect of com-
munity management, ensuring consideration of individual
consumer/prosumer preferences, integration and handling of
data, additional complexity and transaction costs and diffi-
culties in interactions with balancing market agents can be
attributed to these centralized local markets.

As illustrated in Figure 1, hybrid market designs are posi-
tioned between decentralized and centralized market designs.
The advantages range from better scalability of the ICT
infrastructure, more compatibility with existing regulatory
frameworks, better predictability for the grid operators and a
smoother integration process into existing systems [7], [24].
In contrast, the challenges are the coordination of trades inter-
nally/externally, the integration and handling of extensive
data sets, as well as and multi-market coordination.

In addition to this, Ref. [11] also compares decentralized
and centralized market designs. Table 2 summarizes this
qualitative survey using various criteria.

In similar manner to the selection of an adequate market
topology and its nesting in the grid, another design question
is also the integration into higher-level markets and the role
of local electricity markets within the national market biome.
This ranges from a consideration of local electricity mar-
kets as micro-grids to models of multi-market frameworks
that consider hedging between markets and legal aspects
of implementation via virtual power plants and balancing
entities. Selection of an appropriate design is thus not a
straight-forward but instead a multi-factor decision, as shown
in the discussion of real projects in Section IV of this paper.

In terms of previous literature reviews, however, a clear
focus on papers discussing local electricity markets via
exchange-traded/auctioned peer-to-peer mechanisms can be

VOLUME 9, 2021

observed. By stepping back from the focus on a specific
topology, we instead aim to present local electricity markets
more generally, starting with the perspective of the challenges
faced, shown in Section II, the models used to overcome
these challenges, as shown in Section III, and a summary
of the application of these models in practice, as shown in
Section IV. Conclusions followed by further work sugges-
tions are finally presented in Section V.

Il. CHALLENGES OF LOCAL ELECTRICITY MARKETS
Compared to traditional markets that usually manage large
pools of participants over wide areas, local electricity markets
usually show smaller pools of participants. In the electricity
grid, traditional markets operate on a transmission grid level,
whereas local electricity markets operate on a distribution
grid level.

The necessary consideration of reactive power in the latter
leads to non-linearity of the AC grid problem that requires
consideration in the market model [25]. In traditional whole-
sale markets, these constraints are implemented via linearized
DC approximations [26], leading to less complexity in the
analyzed grid.

Thus, even though generally showing a smaller number of
participants compared to traditional markets, local electricity
markets encounter several unique challenges in fulfilling their
purposes. These purposes of local electricity markets can be
defined as the following [27]:

« Balance local demand to match intermittent supply.

« Manage congestion and transmission/distribution con-
straints.

« Support financial management of participants that takes
into account location and network needs.

« Replace/postpone grid investments with utilization of
local flexibility.

As discussed above, the challenges associated with local
electricity markets and their implementation deviate from
traditional liberalized power markets which do not need to
consider the grid with such fine detail. As a result, challenges
of local electricity markets are interlinked with the challenges
of optimal operations of distribution grids [28]:

« Structural and cultural differences make general appli-
cation of one single solution to various national grids
difficult or impossible.

« Changes in power systems (more intermittent generation
and more demand elasticity) might change the role of
generators from a passive entity reacting to consumption
to a more active role. This might increase the require-
ment for further grid tariffs for generators,

« Inefficient operation of storage (from a grid perspective)
could lead to additional distribution cost.d

o Cost-reflective distribution grids are essential for the
success of integration of electric vehicles, especially
charging stations.

Another important aspect is that achieving the large-scale
implementation of such markets and fulfilling the main goals
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TABLE 3. Challenges of local markets. TABLE 3. (Continued.) Challenges of local markets.

Challenge ‘ Tag ‘ Source Correlation of beh?.VlOI‘ and B [59], [60]
subsequent control issues due
Changes in line losses [29], [30] to wrong (price) signals
. Different tariffs in different B [44]
Changes in voltage levels [29], [30] parts of the distribution grid
Changes in power quality [29], [30] can lead to tl‘lanSInlSSIOIl
system 1ssues
Changes in fault current levels [29], [30] Requirement of real-time B [61], [62]
control
Changes in requirements for [29], [30]
protection systems Requirement to upgrade B [11], [63]-
Potential reduction in system [29], [30] existing meters and software [65]
reliability and thus more need for e.nergy flow manag.;eme.nt
for flexibility Requrlllrzn;engii Ifor I:;lltl;pefnod B [66], [67]
Lack of studies on system [31] odels g threat of
loadability and voltage computational intractability
security under distributed No all-in-one” solution for B [58]
generation all types of demand response
Risk of increasing electricity [32]1-[35] .Resp onse to p ree signal B (681, [69]
¢ might vary depending on the
cos individual
Requirement for new [5], [11],
Potential waste of resources [32] consumer-centric/prosumer- (171, [49],
centric algorithmic solutions [70]-[74]
Less choice of supply [32] on trading and optimization
- - Fairness for all market [5], [11],
Negative environmental effects [32] participants in terms of, e.g., [33]. [46]-
Increase of computational [36]-[39] equal benefit, consumer roles [48], [72]
complexit B and rights, access, energy
P y sharing due to size differences,
Physical vulnerabilities due to [40], [41] distribution of taxes and fees
cyber-vulnerabilities Real-time markets may lead to [75], [76]
Non-unified, [42], [43] lovshze‘r energy pfices, price
location-dependent incentives volatility, uncertainty amongst
process could impede consumers and imbalances of
investments demand and supply
No "all-in-one" solution for (17]. [42]- Changes of traditional roles [11], [77]
. ) B ’ and responsibilities,
stakeholder incentives [49]
market-structural factors such
as cost and risks, product
Distributed generation is more [50] definitions and communication
susceptible to structural, of demand-side effects
regulatory, social and Markets are required to be [78]
technical changes than robust to systemic changes
centralized generation ; dS‘_ICh a?ffcarfbon pnces}’)l
Requirement of coordination [51]-[55] ced-in-tarl setcor renewables,
and potential of resulting — -
conflicts Data security, data privacy, [11], [17],
— - - data access and associated [41], [46],
Slmllar tariffs might lead to B [33], [45], responsibilities [49], [54].
different outcomes locally [46], [56] (551, [55].
Forecasts of individuals are B [57], [58] [gi]’ [23]’
more error-prone than forecast {79}’ [8[2] )
of aggregates -
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TABLE 3. (Continued.) Challenges of local markets.

Scalability issues of [4], [11],
communication devices [55], [71],
[83]
Metering without a centralized ) [55], [72]
authority needs to be reliable k
and trusted
Data storage infrastructure and [55]
management
Addressing of different [11], [16]
consumer objectives, such as =
profit maximization,
decarbonization or supply
security
Relationships within local [4], [45],
markets as well as between [46], [49]
existing markets, and other B
emerging entities remain
unclear
Interoperability between [4], [55],
communication technologies [64]
Rigid energy market [71, [33],
regulations [45], [84],
[85]
Need to protect elderly, B [16], [46],
socially disadvantaged, and © | [55], [86]
price sensitive customers
Enforcement of law, as digital [64]
contracts may not be
appropriately regulated
Legal integration into the legal [33]
framework for distribution and
transmission networks
Stakeholders in current market [87]
framework might lobby
against changes
Encouragement of i [47], [48],
participation ’ [72]
Maintaining trust is a constant £ [55], [72],
process that requires adequate [80]
data security and involvement
in such
Entrance barriers might be too £ [88]
high for voluntary participants
Dealing with conflicting E [5], [16],
stakeholder interests, : [171, [72]-
expectations and preferences [74]
Different market topologies 41, [51,
might affect participants e [11]

differently

VOLUME 9, 2021

FIGURE 2. Identified main challenges.

of optimizing grid operation (and thus fulfilling sub goals
such as reducing CO2 emissions) also requires adequate
remuneration of the involved stakeholders (ranging from end
consumers and prosumers to grid operators and traditional
large-scale generators). Neglecting either of these aspects in
the design could lead to a potential disparity between the
goals of local electricity markets and the policies utilized to
implement them [89].

Based on this, the main sources of challenges in establish-
ing and operating local electricity markets were identified to
be the five factors as shown in Figure 2:

- optimal utilization of distributed supply
B-optimal utilization of demand response

-efficient and secure operation and technical imple-
mentation of localized markets

-existing and emerging legal boundaries
E-socioeconomic aspects and human interaction

Table 3 summarizes these challenges in the order of their
appearance in the following subsections.

A. DISTRIBUTION OF GENERATION
One goal of implementing local electricity markets is to
enable distribution of generation. This means installing, gen-
erally smaller, capacities in a larger number of locations in
the grid. The goal is to better utilize local resources (e.g.
available wind and solar capacities) and decrease distribution
and transmission cost.

Specifically, Ref. [32] lists several goals of distributed
generation:

1. liberalization of electricity markets
1.1. peak shaving
1.2. reliability and power quality support
1.3. substitution of transmission and distribution capacities
1.4. ancillary service support
2. environmental concerns
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2.1. combined heat and power generation
2.2. efficient use of cheaper generation forms

Enforcing such a distribution of generation has a variety
on impacts on the operation of the grid. Ref. [29] and subse-
quently Ref. [30] categorize them as changes in line losses,
changes in voltage levels, changes in power quality (volt-
age flicker and harmonics), changes in fault current levels,
changes in requirements of protection systems and a potential
reduction in system reliability.

In regards to these technical constraints, system loadability
and voltage security have been underrepresented in studies
regarding distributed generation [31].

As mentioned in Ref. [32], distributing generation can
further pose several structural challenges. One of these is that
distributed generation shows a higher per kW price than local-
ized generation. In general, wasting resources due to localized
economic inefficiency is a challenge in the distribution of
generation. In addition, energy security could be threatened
due to lower diversification of generation resources. Further-
more, power quality can be negatively affected in various
ways such as system frequency effects due to household
appliances and changes in power flows from the different grid
levels (traditionally, the flow is unidirectional from transmis-
sion to distribution grid, but with decentralized generation
this flow would be bidirectional and changing continuously).
In addition to these general problems of all forms of decen-
tralized generation, Ref. [32] also illustrates challenges that
could be imposed by a decentralization of specifically ther-
mal generation: less supply choices of primary fuel sources
and thus potential negative environmental impacts.

As described in Ref. [36], distributing such generation
thus requires adequate locational price/cost signals such as
locational network and energy prices. These should remu-
nerate the balancing/grid-responsible parties whilst fulfilling
the fairness principles of deregulated markets. Applied in
practical settings, implementation of such locational signals
can however lead to a dramatic increase in computational
complexity [37]. This is especially important considering
multi-energy systems which could further amplify this com-
putational complexity on a local level [38].

In addition to that comes the potential of issues within
adequate communication of these signals. The implementa-
tion of ICT as a virtual layer in microgrids is fundamental
to ensure controllability and observability of the physical
processes. Appropriate data flows require appropriate collec-
tion, transmission, processing and storage of information and
market signals in order to allow generators to be updated and
react accordingly. However, such ICT also increase the risk to
cyber-vulnerabilities. Resulting incidents caused deliberately
or by accident could lead to negative physical consequences
such as power outages, equipment destruction, ineffective
operational decisions, voltage and frequency instability, unin-
tentional islanding and load curtailment [40], [41].

Furthermore, varying localized *‘soft cost’’ such as permis-
sion/inspection/interconnection cost can distort installation
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incentives and lead to generation capacities being installed in
sup-optimal locations [42]. As further discussed in Ref. [43],
these wrong incentives might even impede installation of ben-
eficial local capacity. This also shows a larger problem with
distributed generation - it is susceptible to external effects, not
only through regulatory or political factors but also through
behavioristic or technological factors [50]. On an aggregated,
national level these changes might have a less severe impact
than on the local level.

In combination with demand response, distributed gen-
eration can also offer potential for local coordination and
offer congestion relief [51]. Issues in coordination would thus
lead to congestion issues in systems that are designed on the
premise of this form of congestion relief. This is also shown
in Ref. [52], which analyzes a number of European projects
on decentralized generation, of which all consider demand
response via local households at least to a certain degree.

A trait similarly shared with demand response is the ques-
tion of adequate remuneration of the grid providers, which
mostly comes in the form of tariffs. The impact of these
tariffs can vary locally and lead to distortion of investments
in capacities [56].

B. INTEGRATION OF DEMAND RESPONSE

Similar to distributed generation, i.e. the supply side,
the demand side can also be affected by a smaller pool of
participants. As such, forecasts of individual demand sources
can be error-prone, thus localized markets should allow for a
certain degree of aggregation [57]. This is especially impor-
tant considering that end-consumers can be vastly inhomoge-
neous, further amplifying this error [58].

In contrast to this, large-scale aggregation can also lead to a
loss of accuracy in terms of control. Particularly on transmis-
sion grid levels, centralized price signals can lead to control
issues on the distribution grid level, especially considering the
control of deferrable loads. For example, Ref. [59] illustrates
how centralized price signals lead to correlated behavior in
electrical vehicles. Another example is provided by Ref. [60]
that shows how central price signals cause synchronization
of water heater startups and thus lead to load kickbacks.
In a local electricity market, these effects also have to be
considered as well when aggregating demand response.

Utilizing price signals dependent on time or special incen-
tives (i.e. tariffs) is a common tool to implement decentralized
price signals. However, different rules in various distribution
grids can lead to coordination problems within the transmis-
sion grids [44].

Furthermore, considering demand response effects of resi-
dential appliances in an appropriate manner requires methods
to utilize algorithms capable of performing real-time control
[61]. Therefore, local electricity markets have to be designed
with operational speed in mind. This is a challenge that
stands in conflict with the goal of appropriately modeling
the non-linearities of AC power flows, which usually leads to
higher computational complexity. This problem is amplified
by models considering storage units and/or electric vehicles
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requiring multi-period-optimization, thus further increasing
the complexity of those problems [39]. This problem is par-
ticularly highlighted by Ref. [66] that illustrates how utilities
under storage (specifically electric vehicles, local batteries or
storage heaters) show the highest financial benefits. However,
such problems are computationally highly intractable and
could therefore lead to problems finding global optima and
thus the most beneficial outcomes [67].

This problem of computational complexity is further
amplified by the fact that different forms of demand response
require different measures. Ref. [58] illustrates this and
shows, for example, how time of use pricing can support
storable loads but curtailable loads require dynamic load
capping.

Another factor is the behavioristic component of demand
response. For example, users can show different price
responses [68]. Again, in systems with fewer participants
such as local electricity markets these effects could be ampli-
fied over the aggregated wholesale markets. This is especially
challenging considering that wrong assumptions and thus
wrong incentives set by the demand response manager (e.g.
the local electricity market provider) could lead to adverse
effects and push demand response providers towards behavior
contrary to the desired goals [69].

C. DECENTRALIZATION OF MARKETS

Designing functional local electricity markets does not only
require coping with the previous requirements on computa-
tional complexity and modeling the specific components in
appropriate manner, but also requires functional interaction
of these components. Key components of a local electricity
market are the microgrid setup, the grid connection, the ICT
system, the market and pricing mechanism, the energy man-
agement trading systems and the regulation behind them.
To what extent these components are fulfilled depends on
the roles market participants take and how they execute
them [90].

Because of the computational complexity of such markets,
advanced trading algorithms are required to manage and coor-
dinate the conduction of both trading and demand response
[70]. According to Ref. [49], trading schemes can only be
considered successful if they supply at least 50% of people’s
energy needs for the duration of implementation.

Furthermore, a two-way communication infrastructure
requires an ambitious architecture with several market lay-
ers [11], [71]. The implementation of such an infrastructure
comes with high investment costs, which can be a deterrent
for the development of local electricity markets. Additionally,
transaction fees for such an infrastructure may provide an
extra cost in the case of adopting certain ICT technologies
[11], [55], [63]-[65], [71]. In addition to this, there is also a
need for appropriate schemes for the distribution of taxes and
fees for local energy trading [46]. The question arises whether
taxes or fees should still to be covered by the supplier or rather
by the energy community itself. This also incorporates the
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TABLE 4. (Continued.) Overview of challenges addressed in the model
approach literature.
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risk of increasing marginal cost, i.e. additional cost per kWh
sold [33], [34].

Similar to the real-time issues with demand response,
the markets themselves have real-time components. This
comes as a result of traditional electricity markets show-
ing a larger pool of participants, allowing for variable but
pre-announced prices, which is not possible in local electric-
ity markets [62]. Trading in local electricity markets usually
takes place in smaller time frames. Interactions are thus either
in a day-ahead timescale (1-hour intervals) or in real-time
(5- to 15-minute intervals). Real-time markets may provide
a lower average price of energy which can make it more
attractive compared to day-ahead models. However, real-time
processing leads to a higher volatility in prices [75]. This
could cause uncertainty for consumers. Non-volatile prices in
real-time markets lead to an imbalance of demand and supply
as naturally the demand for energy increases if the price
is low [76].

As Ref. [77] discusses, establishing markets also requires
a degree of standardization that could deviate from the real
grid topology and situation. The paper specifically men-
tions the following crucial aspects: roles and responsibilities,
market-structural factors such as cost and risks, product def-
initions and communication of demand-side aspects. Local
electricity market design should be general enough to support
a wide variety of real-life systems on these aspects. In addi-
tion, the markets need to be designed to be adjustable enough
to support interaction with policy makers. This means that
operation of markets needs to be robust to the introduction of
carbon pricing, feed-in tariffs for renewable energy, regula-
tion and subsidies [78].

Effective coordination between TSOs and DSOs is of
importance for the stability of the grid and should thus be
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a core aspect of market decentralization. Examples of chal-
lenges in this area are the sharing of measurements and
forecasts, coordination under emergency situations, coordi-
nated power quality support and coordination of balancing
services [53], [55]. Design of local electricity markets has to
support those mechanisms, but also aim to keep the privacy of
the involved private parties and thus reduce the unnecessary
sharing of information. Sharing this information also requires
appropriate systems that allow for the coordination of the
decentralized, independent systems that local electricity mar-
kets entail [54].

These systems have to support data security in order to sup-
port the functionality of the market. According to Ref. [80],
potential threats include impersonation, data manipulation,
eavesdropping, privacy breaches, disputes and denial-of-
service. Appropriate privacy and security measures have to
ensure a reduction in the risk of these threats to a level
that allows reliable operation of the local electricity markets
and the distribution grids behind them. In relation to this,
the required two-way communication network also raises
questions of such privacy and security, i.e. responsibilities
and data access, to avoid issues caused by non-transparent
energy markets. In particular, security vulnerabilities may
include submission of fake contracts, double spending of
energy or money, modification of transactions and denial-of-
service attacks on the system [63], [79].

A central component of local electricity markets is thus
a sophisticated ICT infrastructure that ensures this security
whilst establishing transparency and connection points for
the market participants. This can be technically challeng-
ing to implement for an increasing number of participants,
in particular in centralized local electricity market structures
[4], [11], [55], [71], [83]. Implementation of a control and
trading system requires several key features. Latency in emer-
gency cases, the probability of delivering the information
in a given deadline, the capability of the system to com-
bat ambient conditions or the scalability of the network are
some of them [55], [91]. Moreover, local electricity mar-
kets may require big-data storage applications. Deciding how
the data is stored and who owns it can be a challenge in
itself [55].

Related to this technical implementation of local markets,
Ref. [64] highlights the interoperability between new and
existing market solutions deployed throughout the energy
sector. A core challenge within design of the ICT systems is
to what extend allow interaction. Such interoperability may
refer to both the development of new communication stan-
dards between, for example, different blockchain protocols,
as well as to the interaction of different systems or techniques.
In addition to this, the adoption of hardware must also be
compatible with the ICT layer deployed [55].

Considering local markets as decentrally operating micro-
grids allows for decentralized coordination between these
local market entities instead of traditional wholesale markets,
which might result in similar challenges to local markets
arising on the wholesale market as well [86].
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D. LEGAL FRAMEWORK OF IMPLEMENTATION

EU Directive 2019/944 [2] allows consumers to unite as ‘““cit-
izen energy communities” and exchange energy on a local
level. This directive authorizes member states to allow citizen
energy communities to act as distribution system operators
either under the general scheme or as ‘“‘closed distribution
system operators’’. The provisions of this directive on citizen
energy communities only clarify those aspects of distribution
system operation that are likely to be relevant for citizen
energy communities.

However, due to the still restrictive regulations of the
energy market and the more recently published directive,
business models for energy sharing via local electricity mar-
kets are still very rarely put into commercial practice [84].

Similar to the previously discussed demand response in
Section II-B, no ‘‘one-size-fits-all”’ solutions can be estab-
lished in respect to local energy trading [45]. As a result,
the provisions adopted in the current EU directive [2]
remain relatively open to interpretation. Although the role
and responsibility of prosumers and local electricity mar-
kets is to a large extent clarified by this directive, further
demand for regulatory clarification remains. The Council
of European Energy Regulators [33] argues that existing
market principles such as unbundling, consumer rights or
cost-sharing principles applicable to energy networks could
theoretically be circumvented by the introduction of citizen
energy communities.

Given that local electricity trading predominantly takes
place in local electricity markets, integration into national
law on grid regulation will be crucial in order to enable local
electricity markets within energy communities [7], [33], [85].

Moreover, specification of market design concepts is cru-
cial in terms of establishing the legal framework. As such,
appropriate incentives for flexibility have to be elaborated
on [45], [46]. As already discussed in Section II-A and
Section II-B, these incentives can be conflicting.

By EU regulation [2], smart consumption and produc-
tion meters must be able to communicate supply-demand
load matching within short time steps in order to identify
conditions for self-consumption and assign an energy value
for billing purposes. According to the previously discussed
challenges in demand response (Section II-B) and market
decentralization (Section II-C), local electricity markets may
require upgrades to existing meters and software for manag-
ing the flow of electricity. Thus, regulations need to clarify
who is responsible for such upgrades [63], [79].

Hence, the protection of vulnerable, i.e. elderly, socially
disadvantaged, and price-sensitive [55] consumers in the con-
text of local energy trading remains a somewhat challenging
task [46]. As Energy Communities can link production and
supply more closely, it is necessary to maintain the same
consumer rights for participants in energy communities. Dis-
crimination should be prevented, thus ensuring democratiza-
tion of energy [5]. Consequently, consumers can neither be
forced, nor prevented from joining an energy community as
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long as they meet the technical requirements. They have to
be authorized to choose or change their supplier at will and
to be informed accordingly about the conditions of supply.
In particular, active consumers should be aware that they are
responsible for their imbalances stated in Section II-A and
Section II-B [33], [45], [46].

In the case of decentralized local electricity markets,
the enforcement of law if a promised energy service is not
delivered can pose a challenge as digital contracts (e.g. smart
contracts) may not be appropriately regulated [64]. In line
with the challenges mentioned in Section II-C, the adopted
ICT must ensure data portability, an appropriate quality of
service, and data protection for customers must be ensured.
Other market players must not be disadvantaged under any
circumstances [11], [33], [46], [64], [71], [81]. The current
legislative environment might also limit the integration of
technologies that do not provide sufficient flexibility (e.g.
permissionless blockchains), as they might not provide flex-
ibility to manipulate private data [64].

Furthermore, the given regulatory framework can signifi-
cantly limit the profitability of local trading. There are two
ways to implement the proposed market concepts: Either the
regulation must be fundamentally changed so that the specific
assumptions of the proposed concepts can be implemented,
or the market concept must be adapted so that it fits into the
regulatory framework. Changes in the regulatory framework
carry the risk that pure electricity consumers have to bear
higher expenses due to increased self-consumption rates. This
has the result that in most models, the total fixed grid costs are
distributed amongst lower grid consumption, which primarily
affects pure consumers [35].

Member states are free to allow Energy Communi-
ties to own the grid infrastructure itself. In such a case,
an appropriate legal integration into the legal frame-
work for distribution and transmission networks has to be
ensured [33].

Another potential challenge to the implementation
of decentralization in the electricity grid is shown in
Ref. [87] which outlines that stakeholders profiting from
existing regulatory implementation barriers could be
incentivized to use their lobbying powers to uphold the
status quo in order to maintain their current business
models.

As mentioned above, there are further challenges con-
cerning the relationship between local electricity markets,
existing electricity markets, and other emerging entities
such as DSO [45], [46]. Fundamentally, the reorganization
of the highly regulated energy industry is a challenging
task. To disrupt the status quo, results from a wide range
of implemented case studies from around the world are
required [84].

E. SOCIAL ASPECTS
The main system design challenge in local electricity markets
is to develop schemes and business models that encourage
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participants to contribute and trade energy with one another
[47], [48], [72]. In order to motivate people to participate in a
local energy trading paradigm, various social and behavioral
aspects must be taken into account. On the one hand these
include people’s values, opinions and emotions [16]. On the
other hand interests and expectations also need to be consid-
ered [48], [74]. These may differ and conflict with each other.
Similarly, they can also differ within the groups of prosumers
and consumers themselves. As people’s willingness to partic-
ipate depends on these aspects, the design and implementa-
tion of new local energy trading schemes and business models
discussed in Section II-C has to be consumer- as well as
prosumer-centric and take into account both groups’ interests
and expectations [5], [17], [48], [72], [73]. The heterogeneity
of prosumers’ preferences must also be taken into account
[73]. Although different preferences should be separately
considered, heterogeneous prosumer preferences do not auto-
matically have to differ regarding common objectives at the
local energy exchange [16].

For both prosumers as well as consumers, cost factors play
a major role. Economic benefit is considered the primary
motivation for participation in a local energy exchange [17],
[74]. This is also reflected in the fact that the relevance
of locally generated energy seems to appear insignificant
if it incurs higher costs for the users [17]. As described
in Section II-D, payment procedures need to be secure
and easily manageable in order to be accepted by the
public [74].

Besides economic growth, additional incentive values for
participation in local energy trading need to be defined [17]
such as providing equal benefits to all prosumers [47]. Partic-
ipation has to be rewarded at any time regardless of whether
the participant acts solely as a buyer or in addition as a seller
[48]. Moreover, consumers are by definition less engaged
than prosumers as their interaction is unidirectional instead
of bidirectional. For most prosumers, autonomy, personal and
business image play a more significant role than consump-
tional needs. For consumers, this is not the case [74]. Local
energy trading necessitates the prosumers relying on each
other for trading electricity. Without a centralized authority
the trust between users and their trust in the technology needs
to be constantly maintained. Aside from guaranteeing users’
security and privacy, discrimination needs to be avoided and
equal access for all users needs to be enabled [72], [80]. This
is not only limited to the involved processes and software, but
also includes the hardware side as well. For example is smart
meter validity necessary to ensure trust in the market as these
are the main providers of the input data from the participants
side [55].

Another factor is the operational complexity mentioned in
the previous sections. Increasing technical complexity can
also affect the willingness of participation. Under voluntary
participation the need for additional investments into tech-
nology and the variations caused by intermittent renewable
generation might lead to complications that might provide too
high an entrance barrier [88].
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Further findings show that people are more likely to par-
ticipate in localized trading schemes that operate at the
region/city level and that involve their local council. Project
framing needs to emphasize anonymity of consumer data
[49]. The selection of an appropriate data-management tech-
nology will determine the level of anonymity of the partici-
pants. Insufficient data management can be a drawback for
businesses due to commercially sensitive data [55]. Public
blockchains offer pseudonyms and limit the possibility of
analyzing the identity behind the addresses [92]. However,
this may also contradict the common way that DSOs deal with
distribution grids, where customers are identified and physi-
cal entities - people - are responsible for energy consumption
[55], [64].

In addition to this can the chosen design of a local mar-
ket, as introduced previously and shown in Figure 1, lead
to differing challenges on the socioeconomic side. This is
especially concerned with the differentiation in centralization
and decentralization.

Centralized markets maximize a single objective func-
tion, e.g. mutual economic benefit and profit maximiza-
tion, reduction and minimization of energy generation, con-
sumption or cost minimization of greenhouse gas emissions,
system efficiency, reliability, stability and congestion man-
agement improvement, system loss reduction, minimization
of voltage and frequency deviations, increased supply secu-
rity for each participant and/or maximization of social wel-
fare. Thus, centralized topologies are not necessarily ideal
to implement in local electricity markets with a heteroge-
neous nature in which the participants’ objectives deviate
strongly from each other. In addition to that could the pre-
viously mentioned cyber-attacks potentially more damaging
in such centralized topologies, caused by the collection of
data in single central platforms. This in turn could negatively
affect user trust. Moreover, the influence of large members
in the market could lead to an unfair and biased energy
sharing [11].

In decentralized markets, uncoordinated interaction could
lead to a competition amongst the participants causing price
imbalances and market inefficiencies [11]. As discussed
previously, in addition to the interaction within the local
electricity market itself, the interaction with existing energy
markets is also essential for local electricity markets to func-
tion. According to Refs. [5] and [4], this interaction specif-
ically deserves further attention in future literature and its
effects on individual prosumers might not be fully mapped
today.

lll. MODELING APPROACHES

This chapter explains the most common models of local elec-
tricity markets with a focus on the introduced challenges. The
reviewed literature is related to grid representation, decen-
tralization of markets, cooperative/competitive games, dis-
tributed control, demand response, uncertainty and related
technologies. The considered papers and their relation to
particular challenges are shown in Table 4.
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NOMENCLATURE

Indexes

i generation/demand unit

b bus

j market participant

t period

Variables

P active power

0 reactive power

8 voltage angles

Vv voltage magnitude

by market participant decision

y market clearing decision

A inequality constraint dual variable

7 equality constraint dual variable

S storage state

Functions

C generation cost/consumption
utility function

c’ purchase cost/sales profit function

PB bus injection

PL line load

MC market clearing function

H inequality grid constraints

G equality grid constraints

Q Lagrangian relaxation

Sets

1 generation/demand units

Additional notation
lower limits
upper limits

A. GRID REPRESENTATION
In its simplest form, the operational problem within the grid
is to match demand and supply under minimization of cost,
whilst enforcing line limits:

d
max ) C'(P) — C}(P) (1)
iel
st. P, <P;<P; Vi (1b)

In problem (2) the objective shown in (la) is to maximize
system welfare by adjusting active power under a (most often
convex) cost function. The limits of the active power are
provided in (2b). In traditional optimal power flow (OPF)
problems, demand is considered as inelastic, i.e. P; = P;fora
demand unit ;. In this case, the utility function of such demand
units is not considered in the objective, leading to Cid PH)=0
and the objective being a traditional generation cost mini-
mization problem. In local electricity markets however, utiliz-
ing demand response could be achieved via a utility function
(i.e. a negative cost function). Consumption would then be
represented via negative limits on the active power, i.e. lower
limits of P; < 0 and upper limits of P; < 0. A prosumer
could then be implemented either via splitting the unit up
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into an individual consumer or producer, or allowing negative
lower limits and positive upper limits with an adequate cost
function. The advantage of this utility function definition
is that it allows for representation of market participants of
several sizes and types. Aggregates of several consumers,
producers or prosumers are as possible as granularity to a
per-household or even per-device level. In addition to that
this formulation allows for the addition of other technical
specifications such as the later discussed state equations for
storage devices. The described problem is convex if the cost
function is convex.

One of the key goals of local electricity markets is the
alleviation of challenges within the power grid, specifically
low-voltage grids. As such, most models that implement
and/or analyze local electricity markets consider a form
of (distribution) grid, are mostly implemented as an OPF
problem.

A popular form of such an OPF is provided by the DC
OPF representation, where voltage magnitudes are approxi-
mated to one, and reactive power and transmission losses are
neglected. This is a common representation in transmission
grid problems.

min Z Ci(Py) (2a)
iel
st. P, <P;<P; Vi (2b)
PB(8y) = ZPi Vb (2¢)
ielp

Py by < P58, 85) < Py g, Vb1 by (2d)

The objective of this optimization problem, shown in (2a), is,
as in (1a), maximizing system welfare, as well as incorporat-
ing voltage angles. In addition to the previous constraint on
active power limits it also considers Kirchhoff’s equations.
The balance within a bus b is enforced by (2¢) and the line
flow limits are enforced by (2d). In this problem, both bus
balance P8 and line balance P are kept as convex functions.

The shown DC OPF is also often referred to as DC approx-
imation, due to it being an approximation of the AC real-
ity, which does not consider additional grid aspects such as
reactive loads, line resistance and voltage magnitudes. The
convexity of problem (2) makes such as DC approximation
of the OPF problem a popular choice. Moreover, the DC
OPF problem represents a linearization of the nonlinear AC
OPF problem. The linearity and convexity have led to the DC
OPF being the basis for most literature on power markets
considering the grid, as they make finding the equilibrium
points a tractable problem and are thus able to ensure fairness.
A solution to a non-linear and non-convex problem is by
definition a local solution, meaning that it cannot be ensured
that it is the optimal point for all participants.

As previously mentioned, local electricity markets specifi-
cally aim to solve problems in low voltage grids, which would
require incorporation of the same model components that lead
to non-convexities in the power flow equations. Some papers
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solve this dilemma by decoupling the market clearing prob-
lem from the power flow problem and solving both separately,
with others accepting this decoupling of the problem as a
premise and not incorporating power flow equations into their
model at all. However, some literature sources still rely on a
form of AC OPF:

ngvé;aﬂm (3a)
st. P,<P;<P; Vi (3b)
0,<0i<0 Vi (3¢)
8, <8, <8 Vb (3d)
Vo<V <V, Vb (3e)
PE(Vy, 85) =Y Pi Vb (3

i€lp
QF(Vp, &) =) _0; Vb (3g)

iely

The optimization problem now has two additional decision
variables - the voltage magnitude and the reactive power.
All of the four decision variables have their respective limits
enforced via (3b) to (3e). Kirchhoff’s equations are repre-
sented via the bus balance constraints for active power in (3f)
and (3g) respectively. These AC power flow equations are the
contributors of the non-convexity of the AC OPF problem,
as they usually depend on a sine/cosine formulation of the
voltage angles. Further information on variations of power
flow equations and the optimal power flow can be found
in the more comprehensive study provided in Ref. [148].
These include, for example, formulations considering storage
or uncertainty, which are both aspects that play considerable
roles in local electricity market models.

The non-convexities in this problem lead to solutions being
local instead of global, meaning that it cannot be ensured that
afound solution is actually welfare-optimal. This is a problem
that has led to adequate pricing issues in examples such as AC
locational marginal prices [37], and is a significant hurdle in
terms of fair remuneration.

Thus, when disregarding the type of non-convex AC OPF
problem, most of the papers utilize a form of convex approx-
imation of the AC OPF, with the previously introduced
DC power flow approximation or the second-order conic
relaxation [149] as popular examples. The reason for this
approximation is that a non-convex representation stands in
direct contrast to fairness. This results in a majority of the
main technical/computational challenges of solving real grid
problems, discussed in Section II, contradicting the main
social challenge of fair distribution of resources. This will
be further discussed in the subsequent subsection on market
clearing, using the more general notation of H and G as a
representation of the chosen grid constraints.

Local electricity markets empower investments in renew-
able generation and flexibility in the distribution grid, but
also impose new challenges with respect to quality of sup-
ply onto the DSO. Peer-to-peer trading and local electricity
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TABLE 5. Literature on grid related challenges.

Paper AC | DC | Congestions | Voltages | Tariffs | Policy
PF PF
[93] X X X
[70] X X
[94] X X X
[95] X X X
[96] X X X X
[97] X X X
[98] X X X X
[62] X X X
[102] X X X
[105] X X
[107] X X X
[108] X X
[109] X X
[110] X X
[112] X X
[115] X X X
[116] X X X
[117] X X X
[119] X X X
[120] X X
[121] X X X
[122] X X X
[81] X X
[128] X X
[129] X X X
[133] X X
[134] X X X
[137] X
[138] X X X
[139] X X X
[140] X
[141] X
[142] X
[86] X X X
[143] X X
[144] X X X
[145] X X X
[146] X X X
[147] X X X

markets have received significant attention in state-of-the-art
research, using mathematical models to ensure fairness, mar-
ket efficiency and incentives for distributed energy resources.
After a market is cleared and transactions are established in
the financial (virtual) layer, its effect will be imposed on the
physical layer. An important next step is to incorporate grid
challenges into the mathematical formulation, either directly
or indirectly, ensuring that the imposed impact on the physical
layer is feasible and does not cause further issues, as pre-
sented in Section II.

The literature discussing grid challenges related to local
electricity markets is shown in Table 5. In addition,
the sources are presented below.

1) LITERATURE, FOCUS: POWER FLOW
Modeling the AC power flow (AC PF) problem or parts of
it has been performed in a series of studies. It should be
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noted that, unlike the AC OPF problem, the AC PF problem
does not attempt to optimally dispatch distributed energy
resources, but analyses the distribution grid impact of the
market clearing decisions. An approach for the DSO to access
flexibility through a local electricity market is suggested in
Ref. [116]. The suggested model clears the local electricity
market and performs an AC PF analysis of the instance
to investigate potential congestions. The aggregator is then
responsible for finding a new dispatch in the local electricity
market. Using auctions-based trading, Ref. [95] utilizes a
local peer-to-peer market clearing with post clearing analysis
of a low voltage network. The analysis focuses on investi-
gating network problems that a financially attractive peer-
to-peer market can introduce. Simulations performed on a
low-voltage network show that voltage limits are violated
using a local peer-to-peer market. In addition, losses are
increased by 4.1%. Similarly, [147] has developed a decision
support tool for prosumers, using a computationally efficient
piecewise linearized bidding curve with low computational
requirements. Further, bids are matched by the DSO, ensuring
that the grid constraints are satisfied. In Ref. [98], storage
decisions are included into the local electricity market prob-
lem via a multi-period AC OPF. The market is established
via locational marginal pricing and is cleared centrally, thus
bringing the problem closer to a centralized dispatch problem
than a liberalized local electricity market implementation.
In Ref. [107], a collaborative Nash bargaining game over a
multi-period AC power flow is implemented. The model uses
various approximations such as a second order conic rep-
resentation of the non-convexities in the power flow, which
is a decomposition technique aiming to separate the opti-
mal power flow and the bidding problem as well as using
a Lagrangian relaxation approach for the state constraints.
An unbalanced 3-phase power flow model was used in [142]
in order to add details on phase-level. A Stackelberg game
is formulated in [146]. Unique to the formulation is that
the non-cooperative game, privacy measures and distributed
energy resources are included alongside the grid constraints
in the upper level of the problem.

In the distribution system, local flexibility can be made
available to the DSO by using price signals from grid tariffs.
In Ref. [97] the authors suggest a combination of power
flow simulations and the aforementioned grid tariffs. The
suggested approach clears the market, solves the power flow
problem and then adds network tariffs to the conducted
trades. In addition, the model adds a power loss factor as
well as penalization terms for all agents. Community-based
and decentralized peer-to-peer approaches are compared in
[96], where the authors highlight that the different market
schemes impact voltage levels significantly. This is done
using distributed optimal power flow, extracting distributed
locational marginal prices as a result of the grid constraints.
Ref. [128] assesses network power losses associated with
peer-to-peer trading through an analysis of the physical layer.
Losses occurring under peer-to-peer conditions are estimated
by a simulation model utilizing an effective nodes-per-area
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concept, and compared with existing losses in non-peer-to-
peer systems.

Distributed optimal power flows have been investigated
in [117], as the method shows synergy with the dis-
tributed nature of local electricity markets. Such a distributed
approach is also reviewed as a promising method of ensur-
ing proper voltage control with decentralized control in
Ref. [133]. However, as discussed in Ref. [94], the implemen-
tation of such distributed models requires radical changes in
market design primarily due to technical and market design
barriers.

Moreover, DC power flow approaches with exogenous cost
allocations are used to avoid congestions [119]. Based on
the Newton method, Ref. [62] addresses challenges related to
congestions and distribution grid expansion. A DSO pricing
approach based on distributed locational marginal pricing is
presented in [102], where linearized power flow constraints
are considered.

B. MARKET REPRESENTATION

In a market setting, there is no welfare-maximizing agent
(or benevolent dictator) that has direct control of each pro-
ducer/consumer/prosumer and tries to minimize the global
cost function (i.e. maximize the welfare). Instead, either
a market operator (as in traditional electric power mar-
kets)/community manager or the market participants them-
selves (as in modern peer-to-peer markets) set their bids in
order to obtain a market clearing result and produce/consume
accordingly. This means that market participants submit
their respective bids under usually imperfect information on
aspects such as the other participants cost/utility functions
and are remunerated accordingly.

In its generalized form, a centralized, traditional electricity
market clearing can be presented via utilizing H and G to rep-
resent the inequality and equality constraints of the previously
introduced grid problems:

. , .
i ;C,-(xi,y) vj (4a)
J
min ZMC,-(x, y) (4b)
Y iel
H(x,y) <0
s.t. Glx, y) = 0 (4¢)

The objective functions in (4a) represent the individual
profit maximization/cost minimization problem of the market
participants - i.e. a consumer minimizing their cost or a
prosumer/producer maximizing their profits. Each participant
Jj supplies a bid x to the market, whereas most commonly these
aspects are prices or power. Often in local electricity markets,
these participants hold a single unit, thus card(l;) = 1, but
they can also be demand/supply/hybrid aggregators that hold
a number of units card(/;) > 1. In a centralized market,
these units are coordinated via a central decision maker,
the market operator/community manager, whose objective is
the cost minimization within the market as depicted in (4b).
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This operator has a separate market clearing function for each
participant. This function MC could, for example, be assumed
as MC = C in case of perfect information. Additionally,
it could be a minimization of imports to the grid or a min-
imization of assumed cost functions. The clearing results,
which could be a clearing price or a clearing quantity on
power will then in turn affect the individual player problems,
leading to the optimization being a so-called Nash game.

Another potential representation is a market that refrains
from using a dedicated decision maker to yield the market
clearing results but instead clears the market in decentralized
manner (i.e. peer-to-peer):

' Clxi.y) Vj 5
 min 1,; HETRON /i (52)
J
H(x,y) <0
S G =0 (5b)

In this case, the intermediary of a market opera-
tor/community manager is removed, leading to the players
directly influencing the market clearing parameters of other
players y’ whilst relying on all of the other players’ decisions.
An example of a peer-to-peer market implementation would
be price and power quantity bids in form of vector x; and
accepted quantities from other players in the form of vector y;.
A visual comparison of centralized and decentralized market
clearings is provided in Figure 3.

The main reason for such a decentralized model would
be to reduce the requirement for information centralization,
as there is no need for a central market clearing entity that is
informed about the specifications of the players. Nonetheless,
the trade-off between an accurate grid representation and
fairness is still inherited in this formulation. Additionally,
both the centralized and decentralized problem have multiple
objectives that further complicate the optimization. This will
be discussed in the subsequent subsection on the representa-
tion of competition.

The papers related to the market design are displayed
in Table 6 and will be introduced below.

1) LITERATURE, FOCUS: CENTRALIZED MARKET CLEARING

Centralized market clearings provide a method to share sen-
sitive information about utility functions of each agent with
only a central entity, the market operator or community
manager. In Ref. [105], the authors prove that centralized
energy communities can achieve similar market clearings as
a fully decentralized peer-to-peer market under the assump-
tion of a supervisory node with access to utility func-
tions of all involved agents. Both were found to be viable
approaches in Ref. [96], which however found centralized
community-based approaches ensured DSO interests to a
greater extent. Other advantages of such centralized energy
collectives are the adaptability to the existing market design
as well as future market designs in terms of balancing,
wholesale and ancillary service provision [105]. The role
of the community operator would therefore be to supervise
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and ensure convergence to optimality of trades inside the
community as well as acting on behalf of the community with
other markets such as flexibility or ancillary service markets.

Ref. [150] defines the need for less information flow
between the market operator/community manager and
the peers, but also highlights the need for coordination
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FIGURE 3. Centralized and decentralized market clearing.

from a supervisory node to lower costs and increase
self-consumption inside the community. Another aspect often
ignored in local electricity market research is the necessity
for coordination in intraday markets due to uncertainty in
load and distributed generation in the local electricity market.
In Ref. [123], a local intraday market is suggested to han-
dle deviations from the scheduled demand and production,
coordinated by a central market clearing entity. A similar
multi-market model approach is shown in Ref. [103], where
a local electricity market is positioned within a wholesale
electricity market. The main hurdle for implementation is the
computational complexity, which stems from the necessity of
a two-stage stochastic program scenario generation as each
market has its own clearing period that provides updated
information on uncertainties. Local trades are prioritized for
the intraday market. In order to ensure scalability, this paper
utilizes scenario reduction techniques. Further approaches
considering community managers are also shown in
Refs. [151], [152].

2) LITERATURE, FOCUS: DECENTRALIZED MARKET
CLEARING

As discussed above, in markets with decentralized market
clearings, information is not sent to a supervisory node but is
performed in a multi-bilateral fashion between agents in the
system. This poses challenges for the DSO as it is demand-
ing to influence the flexibility and transactions to facilitate
healthy operation of the grid. A full peer-to-peer market
design with complete multi-bilateral energy dispatch was
designed in Ref. [108]. In addition, Lagrangian relaxation
and the alternating direction method of multipliers (further
introduced below in Section III-D) are recommended in [7],
due to their ability to define to maintain privacy and split
the problem into one subproblem per asset or agent. Here,

VOLUME 9, 2021

8o)-
=z

P1
o
-

P2 Pn-1

P3 Pn

b) Decentralized P2P market clearing with discriminatory pricing

end-users share only their volume and willingness to pay for
electricity, keeping asset information and similar aspects pri-
vate. Note that this method is not fully decentralized, as there
is still a supervisory node.

Auction-based approaches are also viable methods for
clearing local electricity markets, as they scale well com-
pared to computationally comprehensive optimization meth-
ods such as optimal power flow or location marginal pricing
based methods. Auction-based approaches benefit from the
fact that the market clearing follows an automated set of rules
and can be solved in a distributed fashion by the involved
agents. Continuous double auctions have been demonstrated
in Ref. [153], where trading with a shared electric energy
storage in an energy community is proposed. In Ref. [94],
zero intelligence trading algorithms were investigated to
match buyer and seller bids in local peer-to-peer markets,
also allowing for a lack of market supervisor. Iterative con-
tinuous double auctions have also been applied on energy
trading in microgrids [154]. The use of local electricity
markets with peer-to-peer transactions, based on continuous
double auctions together with blockchain technology, was
suggested for charging of plug-in hybrid electric vehicles
in Ref. [131] where sensitive information about the vehi-
cles would remain private. Integration of flexible resources
into electricity markets using continuous double auctions
in a prediction-integration strategy optimization model is
suggested in Ref. [155]. Similarly, Ref. [126] proposes a
comparative analysis of various auction mechanisms and
bidding strategies for solar electricity trading. The economic
efficiencies and impacts of the different strategies on market
conditions are simulated through a case study, considering
participants in a microgrid at varying photovoltaics penetra-
tion levels. Ref. [113] proposes a framework that allows for
continuous auctions in order to match distributed demand
and supply in a microgrid. The model utilizes a distributed
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peer-to-peer approach with the goal of profit maximization
of its agents, whilst minimizing information-sharing. Clus-
tering is suggested in Ref. [100] as an approach to increase
efficiency of a market clearing heuristic solving the auc-
tion problem of a local power exchange. The paper aims
to ensure optimal fairness in a non-convex problem (i.e.
a problem where finding the optimal global fairness solution
is “NP-hard’’). An attempt to incorporate information asym-
metry into local electricity markets is presented in Ref. [156].
To do so it uses a utility function formulation and explores
both centralized and decentralized local electricity markets.
In addition, it analyses the issue of privacy. The model is
non-convex and thus scalability is again an issue here.

A common theme of the mentioned studies is that grid con-
cerns are not specifically included, indicating open research
avenues on integration of DSO requests in decentralized local
electricity market clearing.

C. COMPETITION REPRESENTATION

The previously introduced market representation implements
a model under competition in which every participant aims to
individually maximize their respective results. Disregarding
the form of competition (Cournot, Stackelberg, Bertrand),
the players will only focus on their individual outcome when
making their bidding/consumption/generation or any other
decision. In literature, it is common to focus on the decisions
yielding the Nash equilibria, i.e. the x and y values where
none of the participants can further reduce their cost. Assum-
ing the dual variables of the grid inequality and equality
constraints are denoted as A and u respectively allows to
reformulate the Karush-Kuhn-Tucker conditions for the Nash
game:

W&y MW _ (62)
3)6,‘

0Q(x,y, A, ) _0 (6b)
dy

O<ALHMX,y=0 (6¢)

G(x,y) =0 (6d)

nweR xeRT (6e)

In general, for a feasible problem and convex functions,
this problem will converge to a Nash equilibrium solution, i.e.
to a point where no participant can decrease their cost. Further
information on Karush-Kuhn-Tucker and related optimal-
ity conditions (included non-convex cases) can be found in
Ref. [157].

In contrast to competitive models stand cooperative mod-
els. In traditional wholesale power markets, such models are
less prevalent, which can not only be explained by the large
number of participants but also by the goals of the competitive
markets to ensure profits for its participants in order to sustain
additional ventures such as future investments and R&D into
the right products for the market. An illustrative example of
the difference between cooperative and competitive models
can be found in Figure 4. In the cooperative case, a central
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entity (e.g. community manager) minimizes the total cost
of the agents, whereas in the competitive case all agents
minimize their individual costs.

On smaller scales, i.e. in local electricity markets, coop-
erative market models are more prevalent. This can not only
be explained due to a lower number of competitors but also
due to the goal of collaborative markets that is to ensure
optimal fairness for all its participants. In such a model,
the market is cleared for the welfare-maximizing solution
and the participants are remunerated according to maximum
fairness. The reason is that the fairest solution might not be
the welfare-maximizing solution. An example is that of a
monopolist which in a competitive market would be able to
extract a higher profit/lower cost by utilizing their market
power to influence prices. A welfare-optimizing market under
fair cooperation would thus remunerate the monopolist not
utilizing their market power to do so but instead choosing
the welfare-maximum with an accordingly higher share of the
end result.

The cooperative approach is less standardized than the
competitive approach, as many methods, such as Shapley and
Harsanyi values, are intractable for larger problems, thus only
allowing for limited scalability. Some local electricity market
model designs oversee this hurdle and only conceptualize
small systems, whilst others specifically approach this limita-
tion via approaches to increase computational performance.

Within local decentralized markets, an established tech-
nique to approach collaboration instead of fair distribution
is via bargaining solutions. The Nash bargaining game is a
common way to implement this:

min [Ty =) Cixiy) (72)
J

iel; iel;
H(x,y) <0
st e 2o (7b)
where P Cx (7¢)

The bargaining solution given in (7a) is thus the product of
the system cost under cooperation C minus the system cost
under competition C’ over each player.

However, not all solutions of local electricity markets
require information-sharing entities to decide on market
results. In fact, peer-to-peer markets are often specifically
designed to minimize information sharing and allow for
decentralized optimization principles. This does not only
provide advantages in data security, it also supports the scala-
bility of such optimization techniques. This will be discussed
in the following subsection on distributed optimization.

Table 7 summarizes the solution approaches for the models
presented in literature. In addition, they are described in detail
below.

1) LITERATURE, FOCUS: COOPERATIVE GAMES
Since individual agents’ interests are not explicitly consid-
ered in the centralized approach, this approach is often used
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FIGURE 4. Comparison of objective function structures in cooperative and competitive games.

for benchmark models that provide the system welfare opti-
mum. An optimal matching of stochastic load and local
generation is presented in Ref. [62]. In Ref. [118], it was
found that decentralized batteries lead to almost 20% of
savings compared to one centralized battery in a localized
peer-to-peer market. Similarly, Refs. [115], [120] found that
best-case coordination of flexible assets in a neighborhood
could reduce peak loads. Ref. [101] analyzed the impact
of risk-neutral and risk-averse agents in local electricity
markets.

As described previously, aggregators are market entities
designed to deal with centralized control. They are able to
coordinate end-users in markets as well as interact directly
with the DSO. In Ref. [116], the DSO performs an AC PF
analysis after each market clearing and informs the aggre-
gator if congestions or voltage problems arise. In that case,
the aggregator is forced to change their generation schedule
in order to avoid congestions. A decentralized market for
distribution system flexibility is suggested in [142], where
aggregators fulfill the role of flexibility providers and manage
the individual prosumer assets while coordinating with the
DSO. Because the market design allows for opt-in from the
end-user side, fairness issues and implementation challenges
are reduced.

2) LITERATURE, FOCUS: COMPETITIVE GAMES

In Ref. [158], local generation and consumption coordina-
tion is implemented using a game-theoretic approach. The
paper finds that that sparsity in peer behavior resulted in
higher savings and lower peak loads. Flexibility assets are
coordinated using a local peer-to-peer market in Ref. [159],
where end-users in a neighborhood coordinate their con-
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sumption under a subscribed capacity network tariff design.
By implementing a local electricity market, end-users can
rent subscribed capacity from other agents in order to reduce
neighborhood peak loads. Further, Ref. [132] proposes a gen-
eral framework for implementing an electricity market struc-
ture with large distributed energy resources. The framework
enables consumers to participate directly in the market and
aims to be profitable for the prosumers, as well as maximizing
the expected profit of the distributed energy resources by
analyzing uncertainties. Complementarity models using the
Karush-Kuhn-Tucker conditions can be extended to Stack-
elberg games by introducing a two-level approach. This
is performed in Ref. [9] where a Stackelberg formulation
(sometimes referred to as MPEC, math program with equi-
librium constraints) is used to optimally design grid tariffs in
order to avoid high peak loads from the prosumers in the mar-
ket. A Stackelberg approach is also used in Ref. [135], where
a bilevel game where consumers react to prosumers within a
non-cooperative peer-to-peer market is designed. The paper
is based on a logarithmic formulation of utility curves and
a welfare-maximization approach for market clearing. Simi-
larly, in Ref. [104], a Stackelberg market clearing model for
local electricity trading in a microgrid is proposed. Sellers
are assumed to be taking the role of leaders and buyers the
role of followers. The paper shows that under considera-
tion of the taken assumptions by the players, i.e. the buyers
basing their decisions on the sellers’ as well as rational,
selfish players with access to full information, the proposed
market model finds the unique Nash equilibrium. A Nash
game for a sharing mechanism between prosumers that uti-
lizes auctions is proposed in Ref. [125]. It provides a proof
for the Nash equilibrium of the game existing and being
unique in addition to being socially optimal. Further, Ref. [48]
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TABLE 7. Literature on model-approach challenges.
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demonstrates a collaborative game within a local electricity
market. It solely focuses on the socio-economical impacts
of such and disregards other factors such as uncertainty of
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supply or the underlying grid. In their analysis the authors
find that a coalitional game can provide the required financial
incentives for customers of electricity to participate in local
exchange of energy. The authors in Ref. [47] utilize a moti-
vational psychology framework in order to design a decen-
tralized local electricity market trading scheme which aims
to increase user participation. A game-theoretic approach is
applied in order to validate the scheme. In this context, Ref.
[127] evaluates how automated negotiation strategies regard-
ing energy exchange contracts can increase system efficiency
and fairness through the proposed negotiated allocations.
The approach is also robust to uncertainty in demand and
generation.

A comprehensive cost recovery approach is used in Ref.
[121] where the leader (DSO) scales and chooses between
three grid tariff structures to minimize peak loads from
end-users in a non-cooperative game. Similarly, Ref. [99]
models a local energy system behind a feeder (i.e. without
network constraints) where both electricity and hydrogen
can be traded. The model is a hybrid between Bertrand and
Cournot models, where every agent maximizes their own
benefits. The model also includes privacy considerations and
discussions. In addition, the model mentions that due to
its location in the distribution grid, the number of partic-
ipants could potentially be large. Thus, the model focuses
on adequate sizing. This is demonstrated by the included
case studies, which involve a hundred households competing
over 24 hours. A day-ahead market framework using EV
aggregators to provide congestion management service is
presented in [137]. In addition to solving congestion man-
agement challenges in a local market, a data traffic operator
is suggested for efficient data traffic management between
market participants.

D. DISTRIBUTED OPTIMIZATION

Distributed optimization is the optimization of an entire
system via the optimization of its components. This has
the advantage that individuals can optimize their respective
results and coordinate with each other within the system via
external inputs. In local electricity markets, a common tech-
nique to implement distributed optimization is the Alternating
Direction Method of Multipliers (ADMM). This method is
a combination of dual decomposition and the augmented
Lagrangian method. The objective function of a local electric-
ity market problem suited for the ADMM can be represented
by the following:

IEiQZZC[(Xi,Y)-FZMCi(x,y) (8)
Yo jiel; iel

The ADMM updates the dual values step-wise via primal
descent and dual ascent until both primal and dual problems
are converged. The method only requires equality constraints,
but inequalities can be incorporated into the augmented
Lagrangian relaxation. For the sake of notational simplicity,
further information on the algorithm will be omitted but
can be found in the comprehensive review on this technique
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presented in Ref. [160]. The main advantage of ADMM is
the ability to solve a centralized problem in a distributed
fashion. Semantically speaking, the problem can be described
as each agent individually optimizing their assets (local com-
putation) to meet the request from the community manager,
and the market operator/community manager coordinating
their results via the dual variables of the constraints. This
allows for specific asset data and the utility function of each
agent to remain private. Additional techniques for distributed
optimization exist and can for instance be found in Ref. [161].
Nonetheless, it can be stated in general that problem convex-
ity, and thus a convex grid representation, is key for such
global optimization methods. Equally, this convexity is a
focus for further additions to the grid and/or bidding problem,
some of which will be discussed below.

1) LITERATURE, FOCUS: DISTRIBUTED OPTIMIZATION

ADMM algorithms have been widely described in the liter-
ature due to their capability of solving convex problems by
splitting them into more tractable problems. This is demon-
strated by Ref. [134] where scalability and privacy issues are
highlighted as advantages of ADMM. A consensus version
of the method is showcased in Ref. [119], where a compet-
itive equilibrium can be achieved in a distributed manner.
A unified formulation for consensus ADMM under differ-
ent market designs is presented in Ref. [124], where the
market design can be conveniently changed by changing the
utilized communication links. The authors also claim faster
convergence and better resilience to asynchronous behaviors.
ADMM is used to combine the DC OPF formulation with
trading in Ref. [129], where an integrated blockchain-based
energy management platform for bilateral trading which opti-
mizes the energy flows in a microgrid is designed. The opti-
mization problem is broken down by the ADMM and a smart
contract executes the role of a virtual aggregator. A similar
approach is investigated in Ref. [162], where a consensus
+ innovation approach to solve the local electricity market
clearing is used. Compared to ADMM, this approach was
found to converge faster for peer-to-peer coordination within
a microgrid. Ref. [110] uses a centralized market to deal with
demand responses expressed as utility functions and gener-
ation uncertainty. The paper achieves this by utilization of a
Value at Risk formulation and an iterative algorithm (based
on ADMM) for the distributed optimization. An alternative
to the ADMM-based distributed optimization approaches can
be found in [139], where a retail market mechanism for distri-
bution grids under high penetration of distributed renewable
generation is suggested, using a novel coordination algo-
rithm. The authors argue that their algorithm not only requires
less computational resources than ADMM, but also enhances
privacy preservation over it. This is due to the framework not
requiring sharing of dual values representing their distance
between the agents optimal points. A bi-level problem is
formulated in Ref. [114], where an energy-sharing model
is implemented considering prosumer willingness to trade.
The multi-agent framework allows the model to be solved
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in a distributed iterative way rather than by formulating an
equilibrium problem with equilibrium constraints (EPEC),
as there the model does not require an objective function in
the upper level.

E. ADDITIONAL MODEL COMPONENTS

As illustrated later in Section IV, topology, market types,
participants, sizes and many other aspects of local electricity
market implementations differ internationally, certain model-
ing components are shared amongst the various models and
implementations. Some of these will be discussed here.

A common aspect is the connection to balancing the local
grid via exports/imports from a larger network. This is the
most common trait shared amongst the models, as most of
the models do not aim to implement microgrids but instead
aim to solve local problems nested in larger national/regional
grids. Some models solve this via bi-level models such as
the aforementioned Stackelberg games. In the notation shown
below, however, the simplest implementation would be via
an import/export agent i with a cost function C; similar to
the purchasing/selling price of a national/regional market (for
example intraday wholesale market prices) and unlimited
import/export capacities of P; and P;. In most models, this
import/export agent is also integrated into the market opera-
tor/community manager, as the profit maximization of such
an agent in this way is not considered part of the competition.

Another common model component is a state constraint in
the form of:

Sit = Sit—1 — Pi; 9

Here, t denotes the specific period and S the state of
the storage device. In addition, many models often consider
degradation cost of the batteries and charging inefficiencies
as the power stored will not be equal to the power discharged.
Nonetheless, even this simple formulation can create prob-
lems in model scalability. This is a general problem in such
models and is also an active research topic within the field of
multi-period optimal power flows (see Ref. [39] for further
information).

A third example of an additional aspect would be uncer-
tainty in parameters. In local electricity markets, this could,
for example, mean uncertainty in wholesale prices (thus on
the cost functions C), on the limits of the generation units P
and P or similarly on the availability of demand flexibility. As
both possibilistic and probabilistic as well as hybrid methods
have found their way into power system analysis, no de-
facto standard for inclusion of uncertainty in local electricity
markets can yet be identified. However, a growing literature
base of such models can be expected in the future. This is
due to the discussion on forecast accuracy in Section II which
outlines how uncertainty increases in smaller scales.

1) LITERATURE, FOCUS: GRID TARIFFS

An alternative to modeling grid constraints is implicitly mod-
eling the grid or the potential grid impact. As discussed pre-
viously, an all-in-one solution is unachievable for real-world

58929



IEEE Access

S. Bjarghov et al.: Developments and Challenges in Local Electricity Markets: A Comprehensive Review

problems. Specifically, grid tariffs are often challenged in
terms of fairness and comprehensiveness for the customer
[163]. A Stackelberg game incorporating grid tariffs is sug-
gested in Ref. [121]. The leader (DSO) scales and chooses
between three grid tariff structures to minimize peak loads
in the distribution grid. Similarly, Ref. [122] designed an
optimal cost-recovery based grid tariff with the goal of min-
imizing peak imports from an energy community. A more
direct approach is considered in Ref. [119], where network
charges are allocated based on electrical distance to reduce
stress on the grid in a local electricity market.

2) LITERATURE, FOCUS: UNCERTAINTY MODELING

An intraday local electricity market is suggested in Ref. [123]
as a mechanism to deal with uncertainty in prices, demand
and photovoltaic production. The intraday market is repre-
sented as the second stage in a two-stage stochastic program,
where deviations from the day-ahead market position can be
corrected in the intraday market. The same idea is extended
to a three-stage model in Ref. [136], which describes a
multi-stage local electricity market formulation. The focus
of the paper is the coordination between storage, demand
response and other flexible resources over longer time frames.
Uncertainty is also considered in Ref. [155], which uses
a special form of a neural network trained via a random
update based on the Moore-Penrose inverse instead of gra-
dient descent, in order to find the optimal bidding strategy
in an uncertain peer-to-peer market for electricity. The model
reinforces its initial assumption based on prior literature: a
profit-maximizing agent is able to make continuous profits
via peer-to-peer trading. Ref. [143] similarly introduces an
optimization model for small-scale agents in smart energy
systems with multi market participation under uncertainty,
which increases the profit potential for end-users in elec-
tricity markets. Ref. [144] shows that robust operation plan-
ning of unbalanced three-phase microgrids hedges against a
worst-case realization of uncertainties and performs better in
terms of average cost.

In addition, Ref. [109] aims to unify scheduling decisions
under uncertainty with peer-to-peer trading of intermittent
renewables, with a focus on the scheduling decisions. It con-
siders a multi-period problem that implements electric vehi-
cles and local storage. It also considers forecasting errors,
with most uncertainties being represented in Gaussian form.
Moreover, by coordinating centrally as a community, mitiga-
tion of uncertainty in load, renewable generation and prices
can be achieved by allowing local electricity market trading
inside the community under cooperative game theory. This is
demonstrated in Ref. [140].

A bi-level formulation of an upper level wholesale market
and a lower level local electricity market is demonstrated in
Ref. [112]. The upper level market facilitates trade between
large generators (thermal plants, hydropower plants, wind
power plants), while the lower level market facilitates trade
between distributed generation, electric vehicles and demand
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response units. The model utilizes a scenario formulation to
implement uncertainty. Ref. [111] discusses coordination of
demand response and uncertain generation in the form of
wind power via a competitive peer-to-peer reserve market.
The model considers uncertainty in the form of a Condi-
tional Value at Risk formulation. Within a bi-level problem,
the wind plant operators purchase demand response in order
to prevent higher losses on the balancing market. Risk aver-
sity among prosumers is also discussed in Ref. [130], where
bilateral contract networks are utilized for energy trading
within centralized local electricity markets. Both real-time
and forward markets are assessed with utility-maximizing
preferences.

3) LITERATURE, FOCUS: INFORMATION AND
COMMUNICATION TECHNOLOGIES

As mentioned in Section II, a key factor in the practical imple-
mentation of local electricity market models is the data and
information exchange. One of the most common proposed
technologies to ensure the communication between parties in
local electricity markets is distributed ledgers, i.e. blockchain.

A considerable number of papers explore distributed ledger
technologies as the core enablers for automatized market
platforms [64], [164]-[166]. In the context of local electricity
markets, the literature principally focuses on the technical
ICT features of blockchain [65], [167]-[170]. For example,
Ref. [171] determines the cryptography mechanism to allow
for a secure trading system. The paper proposes the uti-
lization of asymmetric encryption to resist security attacks
in bi-lateral markets and secure the settlement of monetary
transactions. Other sources pay more attention to scalabil-
ity issues or the definition of contracts between agents. In
Ref. [172] the authors explore Merkle Trees to reduce the
number of transactions and allow the entry of more par-
ticipants. By using this particular configuration, Ref. [172]
proposes a demand response market capable of balancing the
system by implementing incentives and penalty rates which
enforce the demanded flexibility levels.

Ref. [167] suggests real-time bidding to guarantee the
privacy of bids before the clearing of the market is performed.
This approach combines sealed quotations with aleatory
strings. The latter is used as a private key for automatic
verification of the real bid. By the adoption of this sys-
tem, Ref. [167] aims to enforce confidentiality and trust
among participants. In a more recent study, Ref. [168] also
employs sealed quotations, but applied to an electric vehicle
focused trading platform. The paper proposes blockchain
as the communication layer for direct monetary transac-
tions between charging and discharging vehicles. This is in
line with Ref. [170] where the authors implement a mar-
ket platform where participants are rewarded when they
charge their vehicle during peak loads caused by renewable
energy. With a wider perspective of the utility of blockchain,
Ref. [169] presents the technology as the facilitator for bid-
ding, contracting, and settling economic transactions within
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a community supplied by renewable solar energy. The author
argues that blockchain should be carefully implemented due
to its associated financial risks, high requirements for com-
putational resources and associated transaction cost.

The studies in Ref. [15], [158], [172] extend the applica-
tion of blockchain to automatic activation of electric devices
(specifically appliances and HVAC systems). By the combi-
nation of smart controllers and blockchain, Ref. [15] proposes
that the operations of the devices are dictated by a smart
contract. The communication of the signals is made through
blockchain and aims to ensure optimal information access for
participants.

Another line of research in the literature about blockchain
applications in local electricity markets is the linkage between
power system control models (e.g. voltage control) with mar-
ket clearing model. Ref. [65] deploys a blockchain ledger to
send signals from the market clearing model to the power
flow analysis algorithm to technically analyze the impact on
the distribution network. With a similar objective, Ref. [168]
shows AC power flows results that validate the viability of the
trading outputs. Alternatively, Ref. [15] directly introduces
grid constraints in the market model to determine the energy
transactions.

IV. LOCAL MARKET IMPLEMENTATION

In recent years, numerous Research and Development (R&D)
projects implementing local electricity markets have been
deployed internationally. Central to these R&D projects is
the specification of the contribution of such a local elec-
tricity market, whether be it energy, flexibility or both
combined [173].

Another central characteristic is the topology. This comes
due to local electricity markets also aim to establish mar-
ketplaces to acquire end-users’ resources to offer flexibil-
ity to potential flexibility buyers, e.g. distribution system
operators, transmission system operators, aggregators and
balancing responsible parties. As discussed above, this can
be conducted centrally or decentrally, with or without the
involvement of a mediator such as a local electricity market
operator or an aggregator.

This section enumerates key R&D projects in the Euro-
pean power system addressing the challenges presented in
Section II. Further, it explores the projects based on the
modeling aspects presented in Section III. The frame of
this section is set at completed or on-going research and
demonstration projects applied in a real-life environment.
These projects fall into a technology readiness level (TRL,
as defined by the European Commission) between 5 and 8§,
with the purpose to validate and demonstrate the key devel-
opments in real-life environments and thus can be defined as
“close-to-market-ready” products [174].

A. CHALLENGES ADDRESSED
Here, the R&D projects are mapped to the specific challenges
as shown in Section II.
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1) DISTRIBUTION OF GENERATION

Wide-scale deployment of distributed generation in elec-
tric grids can be a cause of operational challenges includ-
ing examples such as line overloading, voltage disturbance,
increased line loss and bidirectional power flow. As men-
tioned in Section II, one of the key advantages of imple-
menting local electricity markets is to provide grid services
through demand response. Among all such grid services, con-
gestion management can be identified as the most common
priority for most of the R&D projects. This is followed by
voltage management and reduction in line losses.

Coordinating  self-consumption or collective self-
consumption can also be identified as one of the key
operational challenges. Such issues related to balancing of
generation and demand appears due to the intermittence of
renewable electricity generation, which in turn affects the
hosting capacity of the local grid itself. Some of the local
electricity market R&D projects, aimed at local balancing and
maximization of locally generated electricity consumption,
thus aim to indirectly enhance the hosting capacity of the
distribution grid. The projects Quartierstrom [175], LAMP
[90] and NRGcoin [176] are peer-to-peer based market exam-
ples which focus on local balancing of locally generated elec-
tricity. Piclo [177], Vanderbron [178] and sonnenCommunity
[179] are examples of projects which utilize hybrid market
structures to match electricity supply and demand. When not
all the local electricity market participants are located within
the same sub-station network, a common approach is to
assign the market/network operator the obligation to resolve
phase imbalance issues. With the exception of StoreNet,
within the considered R&D projects this issue was not dis-
cussed.

Further, forecasting of renewable energy resources is one
of the key aspects to facilitate integration of intermittent
renewable energy sources. In a liberalized power market,
the traditional system approach for dealing with the poten-
tial of forecasting errors is the implementation of sequential
market structures such as day-ahead, intraday, local flexibility
and ancillary service markets. The project Smart4RES [180]
approaches this problem on a local level by improving the
performance of renewable energy forecasting but also the
value chain incorporating data science approaches in grid and
market applications. One of the use cases investigated in the
project is to analyze the impact of uncertainty associated in
renewable generation while providing flexibility to the DSO
which, in turn, supports congestion management [181].

2) INTEGRATION OF DEMAND RESPONSE

In addition to local generation facilities, there is a variety
of demand resources connected to distribution networks that
potentially could offer flexibility in local markets. The scale
of these resources ranges from residential to industrial. Avail-
able technologies incorporate storage, heat pumps, electric
transport and power-to-gas/heat plants. Even though most
of the real-life projects are explicitly technology-neutral,
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certain demonstration projects focus on different technolo-
gies for demand resources. Project InterFlex [182] does so
with six demonstration sites in five EU countries. Each of the
demonstration sites implements different demand response
schemes utilizing a variety of available assets in order to
access flexibility through direct DSO control or a local flex-
ibility market [183]. The project SINTEG New 4.0: ENKO
[184] tests medium scale loads ranging from electric vehi-
cles to heat/electric storage, combined with heat plants and
local industrial demand. In the project ENKO, local loads
are controlled using a flexibility platform in order to avoid
curtailment of renewable energy.

Further, energy storage is also indicated by literature as
a key flexible resource [185] and thus further increases its
participation in electricity and flexibility markets, improving
the smart grid operation with high penetration of renewable
resources [186]. Certain R&D projects are therefore entirely
focused on energy storage. To provide an example, project
StoreNet [187] explores a market platform for procuring
flexibility from end-users storage facilities to serve the DSO’s
needs for congestion and voltage management. In addition,
it evaluates business cases for end-users conducting energy
arbitrage over time [188]. Further, project sonnenCommunity
provides a peer-to-peer energy trading platform to prosumers,
similar to projects like Piclo and Vandebron, with a special
emphasis on storage. To add to this, project INVADE [189]
explores a cloud-based flexibility management platform with
the purpose of managing a wide range of storage facilities.
These include mobile assets such as electric vehicles, and
centralised facilities such as battery energy storage in sub-
stations or on residential level, as well as shiftable loads in
form of flexible heating.

3) DECENTRALIZATION OF MARKETS

As described previously, local electricity market structures
aim to involve existing and/or develop new actors in the
current electricity market. This comes along with the intro-
duction of new, modified roles of traditional participants.
R&D projects on local markets thus focus on designs of local
electricity markets in a way to make the underlying business
model compatible with aforementioned market actors under
proper coupling with existing central electricity markets and
systems. In order to reduce the risks associated with local
market uncertainty and thus decrease revenue volatility and
stabilize value propositions for end-users’ assets, it is advan-
tageous for end-users providing flexibility to have (indirect)
access to multiple markets ranging from a local level to
national level. The project ENERA Epex Spot [190] is an
example of this structure which investigates flexibility mar-
kets operated in parallel with a central wholesale market
across an intraday time horizon.

As described above, proper TSO-DSO coordination is
another key aspect that needs to be incorporated into the
design of local electricity markets. As such, this coordina-
tion is particularly important for local electricity markets
deployed to relieve local grid congestion and provide balanc-
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ing and ancillary services using the flexibility of end-users’
assets. Project SmartNet considered this and explored differ-
ent TSO-DSO coordination schemes used to obtain ancillary
services from distributed resources on low and medium volt-
age level [191]. Two out of the five TSO-DSO coordination
schemes tested in the project made use of a local flexibility
market with the DSO as operator to solve the local congestion
management and conduct balancing on local level. Project
GOPACS is initiated by the Dutch TSO and four DSO part-
ners and develops market-based mechanisms to alleviate grid
congestion [192], [193]. GOPACS also investigates an inter-
mediary platform utilized for TSO-DSO coordination used to
avoid double activation of the same end-users’ assets. In the
UK, the TSO-DSO operated pilot project Power Potential
[194] explores the provision of reactive power support and
dynamic voltage control for the transmission grid from the
perspective of distributed energy resources connected to the
distribution grid through TSO-DSO coordination as shown
in Ref. [195]. The dedicated service providers in this project
are dynamically selected through day-ahead auctions and
receive payment for availability and activation of flexible
resources [196].

Aligned with DSO/TSO coordination, the interaction
of local electricity markets with existing markets is also
attempted by R&D projects. Such interaction requires a def-
inition of timescale and sequences as well as a clear defi-
nition of products traded. In this context, most of the local
electricity market R&D projects focus on trading within an
intraday time frame. This can be attributed to its closeness
to real-time operation and the resulting reduced chance of
forecasting errors. Although prevalent in theoretical models,
there are few projects which combine multiple time frames,
such as day-ahead and intraday markets. The project PEB-
BLES, specifically aimed at local balancing of locally gen-
erated power, allows energy trading in both these markets
to reduce the effect of forecasting errors [197]. Projects like
Piclo [177] and PicloFlex [198] provide trading opportunities
with lead time ranging from an intraday time frame to months
in advance.

As discussed above, the digitalized nature of local electric-
ity markets also exposes end-users to cyber threats imposed
by new platforms and mechanisms. Blockchain-enabled
energy trading is gaining momentum in local electricity mar-
ket projects due to its tamper-proof nature and elimination of
the need for a trusted intermediary. The projects Quartier-
strom [175], LAMP [90], NRGcoin and PEBBLES [199]
are examples of blockchain-based local electricity market
projects.

4) LEGAL FRAMEWORK OF IMPLEMENTATION

Most of the R&D projects identified follow the EU guide-
lines as described in Section II. Some of the projects,
specifically Piclo [177], Vanderbron [178] and SonnenCom-
munity [179] are approaching peer-to-peer energy sharing
business models from a regulatory perspective. As such
they provide analysis on existing policies and regulatory
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frameworks at national levels. For most EU countries, how-
ever, national energy policy and regulations are not yet sup-
portive or well-defined enough to allow for implementation
of most local electricity market models. Hence, most of the
shown real-world projects are designed as test beds and aim
for the disseminated results to provide input to shape the
future regulatory framework. Ref. [84] specifically presents
the obstructions in current regulatory frameworks with a
focus on the Portuguese energy market after analyzing the
peer-to-peer energy sharing business model of the project
Community S [200].

Further, network tariffs specific to local electricity markets
also receive attention from a regulatory framework perspec-
tive. On the local level such tariffs are usually lower compared
to system level and mostly reflect partial usage of networks
based on geographic proximity of demand and generation.
The project Quartierstrom [175] proposes one such local
network tariff as an incentive to maximize local consumption
at a community level.

As a cross-comparison study of several projects, the project
INTERRFACE [201] has investigated the regulatory aspects
of TSO-DSO coordination related to flexibility markets. This
specifically concerned four projects in Europe: PicloFlex
[198], ENERA [190], GOPACS [192] and NODES [202].
Based on this, INTERRFACE identifies gaps in the exist-
ing regulation at the national and EU level that, in future,
could further be explored to update the network codes for
TSO-DSO better coordination.

5) SOCIAL ASPECTS

One of the advantages of the local electricity market is
the possibility to address heterogeneous preferences of
consumers and prosumers in a more individualistic man-
ner compared to traditional markets. Specifically dealing
with this participant-wise product differentiation, the project
NRGcoin [176] proposes the use of smart contracts in a
local market in order to facilitate trade between renewable
electricity producers and local consumers. The project is
designed with the goal to enable end-users to express pref-
erences of local, emission-free energy and reduce volatility
for the end consumers. Another project, Energy Collective
[203], deploys consensus-based pricing, i.e. pricing depend-
ing upon individual user preferences in a local market
environment.

As described in Section II, data security and privacy signif-
icantly impacts the willingness of participation. This can be
used to explain the large share of local market implementation
projects concerned with security-related technologies such as
blockchain. Contrary to this, however, few projects explicitly
deal with the consumer response to such privacy measures or
the general system design from a behavioristic or socioeco-
nomic point of view. In conclusion, it can be stated that such
analysis deserves further attention in the published outcome
of R&D projects.

To summarize the findings listed here, Figure 5 illustrates
R&D in the context of the challenges described in Section II.
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B. MODELING APPROACH
Here, the R&D projects are mapped to their specific model
components as shown in Section III.

1) MARKET TOPOLOGY

Solutions built around a central entity responsible for man-
aging the local market can be identified as the most common
topology found in the literature on R&D projects. Based on
this it can be observed that the R&D projects with a central-
ized topology are matured and projects considering such also
focus on additional characteristics such as ICT structure, scal-
ability, optimality of market design, development of business
models, synergies with existing markets and cyber security.
As discussed in Figure 1, such central entities appear both in
centralized or hybrid market forms.

In contrast to these topologies, fully decentralized market
topologies employed in local electricity markets with bilat-
eral trading are still nascent. Local electricity markets that
require energy or flexibility trading with external markets,
e.g. wholesale, balancing and ancillary service markets, adopt
either centralized or hybrid market topologies due to easier
coordination with existing markets. In contrast, decentralized
market topologies are instead mostly focused on privacy
and consumer preference issues. Naming specific projects,
EMPOWER implements a centralized topology [204], Vande-
bron [178] provides an example of a hybrid market topology
and Quartierstrom [175] falls under the decentralized cate-
gory. From the given literature it can be observed that local
electricity market projects with focus on flexibility trading
possess market structures with a central entity responsible
for aggregating flexibility from small-scale end-users to trade
with external flexibility buyers. The project iPower is a local
flexibility market project which evaluates both centralized
and hybrid market topologies where a DSO submits flexi-
bility requirements and aggregators bid flexibility from end-
users. In this project, the ICT platform itself fulfills the role
of a central matchmaking entity [205], [206].

2) GRID REPRESENTATION

As discussed, integration of grid constraints into the mar-
ket design is another crucial aspect of local electricity mar-
kets. Currently, R&D projects consider grid constraints either
explicitly through mathematical formulation in their market
clearing or implicitly through solving power flow equation
separately to validate market positions.

The project SmartNet tested a range of network models
under one market clearing algorithm in order to analyze the
computational tractability of such. It proposes a simplified
DC model for the transmission network along with a convex
relaxed model such as a second-order cone programming
model for the distribution network [208].

The project DOMINOES assigns the DSO as technical
validators for the market dispatch. As such their role is to
perform grid analysis. Hence, the network model is only
indirectly considered in the market clearing algorithm [209].
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The project PEBBLES enforces restrictions in the match-
ing algorithm allowing a maximum volume which can be
submitted/retrieved by individual participants in order to
impose the capacity boundaries of the underlying grid assets.
These restrictions are dynamic and depend on the underlying
grid topology and the forecasts of renewables and electric
loads [197].

FLEXGRID instead envisions a local flexibility market
architecture consisting of two sequential markets, each with
its own market clearing approach with underlying grid
constraints. The first stage implements a day-ahead local
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flexibility market using a convex relaxation of the AC
OPF and the second stage implements continuous trading
where an AC OPF is performed to validate the matched
bids [210].

3) MARKET CLEARING

As discussed previously, the literature does show no clear
trend pointing towards centralized or decentralized market
clearing mechanisms as the definitive standard in implemen-
tation of local electricity markets. The project EMPOWER

VOLUME 9, 2021



IEEE Access

S. Bjarghov et al.: Developments and Challenges in Local Electricity Markets: A Comprehensive Review

“K300uyoa) ureyoyoo[q Sunuswaldwt spaforg |
‘uonINPAY SSOT AUIT YT ‘Sumduereqg (8007 g ‘JudwaSeuRA 95BI0A (NA ‘WUAWASeUR]A UONSaSuo) IND

“UONBUIPIOOd OSA-OS.L YSNOoIy) LS uonnquisip ) ur PoAUUOd

uoneuIpi00d ur OSA-OS.L

$901n0sa1 A310U0 PAINQLISIP WOIJ PLIS UOTSSIWSURI) 10] [ONUOD paseq-uonony £q A1eredas ouop st PUQAH WA ¢ sounsoid um‘:w_ \_OEMM._W:mzx oS U1 uwwwv
a3ejjoa orwreukp pue uoddns romod aanoear 1oy uuoperd JIE sis[eue Y10mON OsL’osd g [enuod d
*s101e32133k 10J [001 Uone3aI3e AIIqIxay ‘0S.L/0SA 10) wioperd paseq-uonony mopy 1amod Jy pue . . 1ownsoid 101832133y :19[[9S (3doang)
<« P pazifenuay WA'WO q ¢ .

JuswaSeurwr pus ‘s10)0v Jo)IeW [[B 10§ uuopeld Suipen pajewony pig-se-Ked AdO DV PIXe[aI X2AUOD) OSL ‘0Sd :Jekng PLIOXIY
‘paau s,0S( 2A13s 0) J0je3a133e ySnoxyy sanioe) a5e10s i . i . . 1ownsoid 101850138y :I9[[og (puepaay)
s1asn-pud woiy Afiqixay amdoid o) wioperd 1R vopeziwndo pazIENua) Moy somod v PozIEnuR) WATO N 0Sd :1eAng JANRI0}S
‘UONBUIPIOO Ul QS PUB QS JO PA2U ) 2AIAS 0] SISSAUISNQ puL postq-uonony 0Sd £q A@eredas PHAAH "o . Jownsoid a31e ‘101e3STY 1I9[[9S In)
SOWIOY WoIj $A0IAIAS AYpIqrxay mdoxd o) aoejdiodrewr [emup uni sis[eue YI0mjoN 0sd :1eAng [012] Iemuio)
. ] pig-se-Ked 0Sd £q A@eredas . . Jowmsoid o3re 1018383y 1I9[[9S OIn)
Aipiqxey amdoid 0y sQsq o[dnnu 1oy asejdiorew jo juswdojaseq Supes snonunuon unt sisK[eue omeN PUqAH WATND 0sd okng oL OPId
‘uonsaguod proAe 0} swel-own AIqrxay amood pig-se-Ked 0Sd £q A@eredos Ak . 101230183y :19[[0S (SPUBLIdYIIN)
oy woperd uoneurpiood OSA-OSL pAeiSaur jo juawdofarag ‘Surpen snonunuo)) uni sisA[eue YIomjoN PLaiH no 0Sd ‘OS.L 1eAng SOVAOO
‘uonesado pus aaoidwi 01 JudwaSeuLRW UONSITUOD pig-se-Aed 0Sda £q A@eredos Ak . 101830133y :I9[[2S (adoanyy)
Suroueyus 10y [enujod Aiiqrxsy [euonippe dey 0) soejdiavrey ‘Surpen snonunuo)) unI sis[eue YI0maN PHAH no (ammny ur) OSL ‘0Sd JeAng SHAON
‘BOIR UONNQLISIP [BUOISAI SULIDA0D JoyIeW AJ[IQIXAY ,pUBLISP-UO,, pig-se-Ked 0Sa £q Kperedos Ak . 10132133y (13]]9S (Aueurdyg)
‘Teuor3ar y3noy) JuswaSeurw UONsATUOD PAseq-1IRIA ‘Burpen snonunuo) uni sisA[eue YI0MIN PHAAH no (amny unOSL, ‘0Sd :1eAng VIANHA
JIOM]QU UOHNQLISIP UT SIOINOSAI PAINQLISIP WOIJ SIIIAIAS KIe[[Ioue seq-tonon [opour uonexe[ar - ATT . 101080185y :19[[0S (adoangy)
amdo1d 0} SoWAYDS UONEUIPIOOd OSI-OSA U1 peseq-tionony XOAUOD pue [ppowr D PHatH ‘INA ‘IND 0Sd ‘OS.L :1eAng JNRWS
‘wiyiuoS[e SUIYOIBW Ul PAPPAqUId SANI[BUONIUN JUSWASeURUI pastq-uonony azis piq syuedonred uo R — "o . 10WINS0I] :I9[[S (Aueurdg)
uonsaguod yim uuojerd Suipen ASioug JMWI[ SILIBPUNOQ $IASSE PLID 0S8 :1edng Sa1dgad

*$10)08 UL [21)UAD S[e S S £q Kjoreredos S 101232133V
SI0108 JOIRW [BNUSD JUSIINIP IIM Os[e pue siownsold 1ay)o T — 0Sd £q Aeredss PHASH "o 1ownsoid 101832133y :19[[9S (3doang)
ym o3eSuo 03 srowmsoid sojqeusd jey) uoped JoBN : uni sisA[eue YIomoN i 0OSL ‘widdng ‘0sq :10Ang SAONINOd

JoNIeW 901AIOS AJe[[Ioue pue joyrew AS1ouo ur Surper aseq-uoneziundo uonouny 1505 se sowmsoid “xopex) PUSOIIA IA[[ adoung
199d-01 ‘wuvwn_ e _.51 o ___k.wouu__w: hm xE: BRIk ; .Mn HE uo, P Lu n ._” L ! waiqosd uopeziundo ays ut PHASH WATNO ' Joper :mcho“u guﬂ. nwuum._mz Agm_._\ﬂ:w 59 ._ME -
) nellioe) 01 pl ! )} 2AMdAIYdIE [J] pue [onuo) PaINqQISIQ paresodioour uonsaduos aur| pen pl TN I0)ESIGHY - q IS IewS-ded
puSoorur ur soquSou urym £S10ud IB[0S [E90] JO Surpen [eise[Ig paseq-uonony Jqe[IeAe JON pazifenuadeq qa1 ¢ MHHM%W NFM_:_”%MM_ ”H_Nmm 2:“—.“\“«%.”
*SNO0J U0 WAsAs 95e10)s YIM S100npoId pue SIAWINSUOD SYUI[ OYM 100NPOIJ ‘1OWNSOI] :IA[[S (Aueurdg)
1orpddns £S10u0 Jo ojo1 ayy Sunesijdor wiojerd Surper], peseq-tionony SlqEIIeA® 10N PHAtH €1 a IDWNSUOY) ‘IoWNS0lq :1Ang A UNWWO)UIUUOS
uondwnsuod a[qemauar [ed0] J0y 1oddns ‘dImonns joyTew . 120NpoIq ‘IWNSOId IA[[eS (adoangy)
J[qe[IeA. JON J[qe[IeAR JON REVATLANIERETg} a1
S[esd[oyM Jo uonelapisuoo ‘uuoje(d Surpen paseq 10BNUOD LRWS IOWNSUOY) ‘IoWNsold :1Ang LUI0ODAN
. paseq-uoneziundo . . 190NpoIq ‘IdWNSOI] :IA[[2S (Orewud ()
soouardjald Jowmsuod jo uoisiaoid yim 1exIeW [8d0] Jo JuswAkojdeq ponquIsiq J[qe[rear JON PUQAH WD ‘91 Joumsuop) ‘Townsosq ekng aanaNI00 ARoug
. ] . i . 190NpoIq ‘IdWNSO1] :IA[[2S (PUBLIIZNIMS)
uondwnsuod [eo0] Jojy AS1oud Jejos paonpoid A[[eoo] Jo Surper) [erore[ig paseq-uonony Jqe[rear JON PazIenuaddq a1 Joumsuop) ‘Towmsoiq rokng _wonsmonend
JeyIew [eoo] Aenpoe) o) dde xesn pue wuojperd 9SBQq PNo] uoneziundo pozienus, Sltensuoo QZI[RIIUD, Jounsoid HOwBIFIY :2lI0g (dong)
o [e20] 1roey 3 Je[d LDI paseq pnoy neziundo pazifi o} sisanbar Anpqrxay 0SA pazIy o] WO 0sd kg AAMOINA
SIUMRNSUOD PLIS 2ININJ pue SUnSIXd oY) dA[0S postg-uonanY 0Sd £q A@eredos PUGAH "o a Jowmsoid oSre 101830158y 119[]0S (adoanzy)
0) j1oyIRW AN[IQIXSf [8J0] I0f §sa001d pue S[oO[, uni sIsA[eue YI0mjoN ; 0Ssd 1eAng pEIEACI ¢
-asuodsar puewop Jurzimnn K 0] 19SN-pud 2seq-uonone LIQA] 101832133y 1I9[[o! TRUIUDy

p P surzinn Aq OSA P! paseq-uor » oy somod IV % 4dO PUQAH INATAD .< IEN O )
woly AN[IQIXa SZI[IOW 0) WSTUBYOIW JONILW PUE JWAYIS [0NU0D) uoneziundo pazienua) % pazienua) 0sq :1eAng REYIVS |
sawodnQ PARRIqO Spoyjaw SULIEA JIIRIA uonejuasaadar priy ASojodo) jospaey | SIIIAIAS pLI) | (s)aSudprey) s1ap[oy RIS aureN 193fo1g

‘spafoid @y 19)iew [ed0] aAnejuasaidai Asy g 314Vl

58935

VOLUME 9, 2021



IEEE Access

S. Bjarghov et al.: Developments and Challenges in Local Electricity Markets: A Comprehensive Review

applies a centralized market clearing platform that selects
flexibility providers based on an optimization problem for-
mulated to serve the DSO requests at minimum cost [204].

The project PEBBLES implemented an auction based mar-
ket matching algorithm using blockchain to settle contracts
[197]. P2P-SmarTest [211] instead applies a dual decom-
position theory based peer-to-peer trading mechanism and
presents a comparative analysis between cooperative and
non-cooperative approaches [212]. The Nodes Market project
[202], [213] as well as Enera [190] and GOPACS [193] are
focused on intraday time frames and thus implement continu-
ous trading similar to European wholesale electricity markets.

Thus, the literature shows the choice of the market clearing
approach in the R&D projects being based on the objectives
and structure of the chosen local market design. The literature
suggests centralized market clearing approaches to be priori-
tized in projects where trust-worthy relations exist between
end-users and the chosen local market clearing entity and
where scalability is not a crucial concern due to a limited
number of participants. Opposing to this are projects with
emphasis on limited sensitive data sharing among market
participants on one hand and scalability on the other hand
more incentivized to instead make use of decentralized mar-
ket clearing approaches.

Figure 6 summarizes these insights and illustrates the enu-
merated R&D project based on market topology and market
clearing methods.

In similar manner, Table 8 provides an overview of the
previously listed European R&D projects on local electricity
markets.

V. CONCLUSION AND FUTURE WORK

This paper presents a comprehensive review on the topic of
local electricity markets, with a specific focus on recent litera-
ture and on the challenges of their modeling, implementation,
analysis and management. To achieve this, the paper starts
with an introduction to the topic and an analysis of previous
literature studies that show a lack of literature on local elec-
tricity markets that extend beyond peer-to-peer implementa-
tion. Focusing on a more general level and including all three
identified topologies - centralized, hybrid and decentralized
local electricity markets, the paper then categorizes the chal-
lenges associated with local electricity markets. These chal-
lenges are classified into five areas: distribution of generation,
integration of demand response, decentralization of markets,
the legal framework of implementation and the associated
social aspects.

Next, the paper introduces modeling approaches via a
technical summary of analysis and operational models whilst
pointing to specific recent literature examples. These exam-
ples are also classified into various categories, for example
based on the applied market clearing mechanisms, the phys-
ical grid or other technical specifications such as the consid-
eration of uncertainty and balancing markets/services. The
resulting chapter on modeling offers an overview of the the-
oretical side of local electricity market implementation, anal-
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ysis and administration and thus provides a starting point for
prospective model users and researchers alike. The practical
aspects of such local electricity markets are then discussed
in the final part of the paper, which introduces numerous
European projects realizing local electricity markets. Similar
to the theoretical models, these practical projects are also
categorized by their main focus and further put into relation
to the previously derived challenges in order to present a
mapping of the project landscape.

In summary, the provided literature and the challenges
derived from it lay the foundation for future work on local
electricity markets. The identified topics with a lack of lit-
erature where the challenges of integration of uncertainty,
coordination of grid and local electricity market resources,
practical scalability of theoretical approaches (specifically
for hardly tractable problems such as multi-period prob-
lems) and standardization and generalization of methods and
topologies, the latter we attempt to provide the foundation for
with this paper.

We further found that distribution of generation in local
electricity markets has been modelled and analyzed exten-
sively in literature. However, this is done often in a sim-
plified manner ignoring the complexity of combining both
in-depth market and in-depth grid representations. In this
context, specifically the trade-off between fairness (as caused
by convex market formulations) and accurate grid represen-
tation (implemented via non-convex grid constraints) can be
identified as a basis for future research.

On the topic of integration of demand response, simpli-
fied market models might limit the practical applicability of
technical research, as both the financial and technical aspects
must be considered in tandem. We showed that few studies
consider both the AC power flow aspects of the quality of
supply while also simulating a competitive local electricity
market. The reason for this we found to lie in the associated
computational complexity. Most notably, this effect increases
when considering three-phase modeling of low-voltage grids.

Handling risk and uncertainty associated with the decen-
tralization of markets can also be observed as an under-
represented topic in research. Risk related to sunk costs
and non-optimal operation and uncertainty in load/generation
and market commitments leads to more technical challenges
which provide a potential starting point for future research.
The complexity of such models is only amplified by the con-
sideration of TSOs and DSO interactions, another potential
source of risk and uncertainty.

In our literature we found real life demonstration of local
electricity markets to show strong inclination towards cen-
tralized and hybrid topologies over fully decentralized. With
a strong foundation of theoretic literature on frameworks for
fully decentralized markets, a research gap can be identified
in applying such in practical settings.

Further has congestion management been observed as the
primary grid service at the center of most practical imple-
mentations. Providing multiple grid services e.g. voltage
management, line loss reduction and power quality support
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might thus be of interest for future local flexibility market
projects. From the perspective of the legal framework of
implementation, however, many of the questions of the reg-
ulatory responsibilities are yet to be cleared. Topics such as
defining responsible parties for additional grid services con-
sidering more uncertainty in e.g. local bilateral contracts and
regulating rights for behind-the-meter control could become
an important topic in a more decentralized power grid and be
at the core of the practical implementation of local electricity
markets.

Similarly, on the topic of reliability, legal and technical
aspects not only merge but social aspects also become a key
component in such highly automated real-time systems as
local electricity markets are. Considering these aspects, there
is need for both long-term studies on behavioural changes and
adjustments to local electricity markets, as well as the core
principles of traditional markets - ensuring fairness and non-
discrimination.

In conclusion it can be stated that the paper provides a
general analysis of the research on local electricity markets,
incorporating quantitative as well as qualitative aspects whilst
structuring and classifying the available literature with a
strong focus on the derived challenges. In contrast to the
majority share of previous literature studies listed in the intro-
duction, the main focus of this paper does not lie specifically
on peer-to-peer markets and Information and Communication
Technologies, thus distinguishing it from the bulk of research
on the topic. Albeit it introduces and discusses these topics,
it takes a more holistic view and instead focuses on the
localization and thus more on associated aspects such as the
physical grid or social aspects.

Thus, the paper provides a starting point for future research
into establishing local electricity markets both in theory and
in practice.
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