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A B S T R A C T

The electricity market is being increasingly challenged by new trends, such as the high penetration of
intermittent renewables and the transformation of the consumers’ energy space. To accommodate these new
trends and improve the performance of the market, several modifications to current market designs have been
proposed in the literature. Given the vast variety of these proposals, and focusing on the short-term timescale
within the context of European electricity markets, this paper provides a comprehensive investigation of the
modifications proposed in the literature as well as a detailed assessment of their suitability for improving
market performance under the continuously evolving electricity landscape. To this end, first, the barriers
present in current market designs hindering the fulfilment of an efficient performance are identified. Then,
the different market solutions proposed in the literature, which could potentially mitigate these barriers, are
extensively explored. Finally, a taxonomy of the proposed solutions is presented, highlighting the barriers
addressed by each proposal and the associated implementation challenges. The outcomes of this analysis show
that even though each barrier is addressed by at least one proposed solution, no single proposal is able to
address all the barriers simultaneously. In this regard, a future-proof market design must combine different
elements of proposed solutions to comprehensively mitigate market barriers and overcome the identified
implementation challenges. Thus, by thoroughly reviewing this rich body of literature, this paper introduces
key contributions enabling the advancement of the state-of-the-art towards increasingly efficient electricity
markets.
. Introduction

The current electricity market setup has been able, to some extent,
o deliver competitiveness and low prices to consumers for many
ears.1 However, the growing awareness of climate change and the
evelopment of national and international agreements aiming to reduce
reenhouse gas (GHG) emissions are transforming the sector signifi-
antly [1]. A clear example is given by the European GHG reduction
oals, which aim to reduce the GHG emissions at least 40% by 2030
ompared with the emissions level in 1990 [2,3]. The electricity sector,
hich is the largest emitting sector worldwide,2 is expected to play
key role in delivering a large share of savings in CO2 emissions,

lso via the projected electrification of the heating, industrial, and

∗ Corresponding author at: Flemish Institute for Technological Research (VITO), Boeretang 200, Mol, Belgium.
E-mail addresses: lina.silvarodriguez@vito.be (L. Silva-Rodriguez), anibal.sanjab@vito.be (A. Sanjab), e.m.fumagalli@uu.nl (E. Fumagalli),

na.virag@vito.be (A. Virag), m.gibescu@uu.nl (M. Gibescu).
1 The current market set-up, referred to in this paper, focuses on electricity markets currently in place across Europe.
2 The electricity sector accounted for 30% of the global CO2 emissions in 2018 [4].
3 The short-term time-frame within European markets is composed of day-ahead (DA), intraday (ID), and balancing (BA) markets.

transportation sectors. In fact, the increasing share of electricity pro-
duced by variable renewable energy sources (VRES), together with the
empowerment of end-users and the increased deployment of storage,
are already reshaping the power system. Such evolution represents
an important challenge for the wholesale electricity market, originally
designed for dispatchable power plants and a largely inflexible demand.
This mismatch between the current market design and the emerging
electricity landscape gives rise to new market inefficiencies (in an
already non-ideal market), which undermines its proper operation,
impacting producers and consumers alike.

To address these inefficiencies, some authors argue that electricity
markets require a profound transformation [5,6] while others find that,
although the current design may not be fully suitable for the emerg-
ing landscape, only minor improvements to the current design are
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List of main abbreviations

BA Balancing
BRP Balancing responsible parties
CCO Change constraint optimization
CHP Combined heat and power
DA Day-ahead
DER Distributed energy resources
GCT Gate closure time
GFPP Gas-fired power plant
GHG Greenhouse gas
ID Intraday
LM Local market
P2P Peer-to-peer
RO Robust optimization
SCUC Security constraint unit commitment
SEW Social economic welfare
SP Stochastic programming
TSO Transmission system operators
UC Unit commitment
VRES Variable renewable energy sources

required [7,8]. In practice, a rather large number of new market designs
have been recently proposed in the literature. While other reviews have
either successfully explored the barriers to the large-scale integration
of VRES [9,10], set general principles for redesigning the electricity
market [6,11], gathered the best practices to enable the low-carbon
transition [12], or reviewed specific novel proposals, such as peer-to-
peer markets [13], no previous work has, to the best of the authors’
knowledge, provided a holistic and structured approach for assessing
the different proposed modifications to the short-term wholesale mar-
ket design and explored their potential impacts on market performance.
Hence, focusing on the short-term market time-frame within the context
of European electricity markets,3 the goal of this paper is threefold: (1)
rovide a comprehensive review of the new market design solutions
roposed in the literature, (2) assess how each proposal addresses the
ources of inefficiency in the current and future electricity markets, and
3) identify the main challenges which must be overcome to implement
he proposed solutions. While the paper focuses on European markets,
elevant insights for this review are also collected from other regions.
n the same manner, the insights of this paper are of relevance to other
egions with a similar market set-up.

To this end, this paper starts with the identification of the barriers
o an efficient wholesale market performance. Then, a detailed investi-
ation of the recently proposed modifications to the current short-term
arket design is provided, along with an analysis of their advantages

nd disadvantages, which constitutes the core of the paper. These
odifications, dubbed market solutions, are categorized according to

he nature of the modification they proposed. Lastly, by creating a
axonomy of the identified barriers and proposed solutions, a compre-
ensive representation of the state-of-the-art is generated, resulting in
he identification of the barriers solved by each proposal and a series
f recommendations for future work directions.

The rest of the article is organized as follows. The set of barriers to
he efficient performance of wholesale electricity markets are provided
n Section 2. Sections 3 to 6 present the proposed solutions identified
rom the literature, as well as an assessment of their advantages and
isadvantages. A comprehensive taxonomy of barriers and solutions
s provided and discussed in Section 7. A brief discussion on the
omplementarity of wholesale, retail, and ancillary services markets is
ncluded in Section 8. Section 9 gives directions for future research and
2

oncludes the paper. A
2. Barriers to efficient wholesale markets

Electricity is a complex commodity to trade and requires a whole-
sale market with highly specific features [14,15]. The growing penetra-
tion of non-dispatchable VRES, as well as the presence of new market
players (on the generation and demand sides), are increasingly impos-
ing additional challenges to an already complex market design. Before
discussing each proposed market design modification, it is important to
recall a number of barriers to the efficient performance of the current
and future wholesale electricity markets,4 which have been identified
in the literature. These can be grouped into five different, rather broad
categories, which are reported below.

• Pricing of externalities: An inefficient pricing mechanism for neg-
ative and positive externalities (e.g., carbon pricing and VRES
subsidies) results in price distortions in the wholesale electric-
ity market and in a reduction of the social economic welfare
(SEW) [5,9,20].

• Pricing of electricity: An inadequate pricing of electricity in the
wholesale market has a direct effect on security of supply and
generation adequacy in the long term, resulting in a higher risk
of load shedding events [11,21]. An example of this barrier
is the limited formation of scarcity prices, which are funda-
mental to ensuring cost recovery [20], supporting future gen-
eration investments [22], and providing price signals for the
demand [16].

• Players constraints: The technical characteristics of conventional
market players have been explicitly considered throughout the
evolution of the market design. This is largely not the case for
VRES, storage technologies, and responsive demand [11]. Failure
in incorporating their characteristics prevents these technologies
from actively participating in the market, and results in higher
balancing and reserves costs, potential load shedding events, and
VRES curtailment [9,11,23].

• Network constraints: Failure to properly represent the transmis-
sion and distribution constraints of the power system in the
market results in investments in suboptimal locations and addi-
tional costs associated with redispatch adjustments, VRES cur-
tailment, and increased reliability margins [6,11,12,24–26]. This
aspect is foreseen to be even more relevant in the future, as
the rapid deployment of VRES is expected to increase network
congestion [27].

• Competition: Several market design features are known to offer
the opportunity to exert market power. This market power can
stem from, e.g., limited exposure and response of participants to
market signals [28], insufficient network capacity allowing mar-
ket participants to elevate market prices in importing areas [29],
and the low consistency across sequential market segments [30–
32].

The following four sections review the literature discussing market
modifications designed to overcome the identified barriers.5 These
roposals are organized into four groups according to the nature of
he modification proposed: (1) modifications to the organizational
tructure of the market design (organizational changes – Section 3),
2) modifications to the formulation of the market-clearing procedure
market-clearing changes – Section 4), (3) modifications to the com-
odity traded in the market (commodity changes – Section 5), and

4) the out-of-the-market modifications that are the result of a policy
ecision-making process (policy changes – Section 6).

4 A number of desirable market criteria identified in the literature [8,14,
6–19] are provided in Appendix A.

5 The method applied to conduct the literature search is described in
ppendix B.
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3. Organizational changes

A large set of proposals from the literature suggests modifying
the organizational characteristics of the current market design. These
characteristics include, for example, the DA market time granularity,
the gate closure timing (GCT), and the auction mechanism of the
reserve and DA markets.

3.1. DA time granularity and GCT

The implementation of a higher time granularity for the DA market
is proposed by several authors as a highly relevant improvement to
the current market design [6,7,9,12,33,34]. The most common time
granularity for DA in Europe consist of an hourly resolution [kWh/h].
However, VRES generation and demand variability within an hour can
be significant [35]. This makes the current time granularity not fully
suitable to reflect the real dynamics of (future) power systems [6,23].
The gap between the DA time granularity and the variability of supply
and demand results in a higher need for ID trading or for reserve
procurement and activation, resulting in higher balancing costs [33].
To reduce such costs, the work in [9] proposes to modify the DA
time granularity from 1 h to 15 min, while a 10 min granularity is
proposed in [33]. The case study by [34] shows that when a higher
granularity is implemented in the DA (15 min), the ability of flexible
resources to ramp up/down is better remunerated. The work in [36]
also shows that a higher granularity improves the market’s ability to
capture the variability of the power system and to better represent the
flexibility/inflexibility of market participants. This is especially useful
for markets with high penetration of VRES. For example, a highly
granular wholesale market is currently in place in Australia where the
market is cleared every 5 min [37].6 Nevertheless, the benefits of this
increase in granularity come at a higher computational cost and with
the need to procure data at a higher resolution [23,36].

The modification of the GCT from one day before delivery to a time
closer to delivery has also been proposed in a number of papers, such
as in [7,9,33,39,40]. This is intended to reduce the uncertainty and
the balancing costs associated with forecast errors of VRES. According
to [33,41], the modification in the GCT is relevant since the VRES
forecasts done for the DA market (12–36 h before delivery) can include
significant inaccuracy. In this regard, [9,33] respectively propose a DA
GCT of 4 h and 1 h before delivery. However, this shift in CGT reduces
the time needed by operators and participants to perform their required
functions (e.g., clear and communicate the market results, perform
reliability analyses, and take preventive actions, which are based on
nominations received from market participants).

3.2. Discrete auctions in the ID market

The ID market enables market players to adjust their positions
from the DA market based on, e.g., more accurate forecasts. This
market segment is considered of high relevance, especially for the
integration of VRES, since it reduces the need for balancing services.
However, in some European countries, the ID market, which is based
on continuous trading and a pay-as-bid remuneration scheme, typically
shows relatively low liquidity. This low liquidity further disincentivizes
participation due to high transaction costs and limited opportunities to
trade [40]. Moreover, the work in [42] concludes that the continuous
trading scheme induces a so-called race for speed, which leads to
arbitrage opportunities.

To improve the performance of the ID market, the authors in [16,
40] propose to shift the ID market setup into a set of discrete auctions
with a pay-as-cleared mechanism, as is already the case in a number of

6 In this market, a 5 min settlement program was implemented in October
021 [38].
3
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European markets (e.g., Italy, Spain and Portugal). Such auction mech-
anisms prioritize the clearing of the most cost-efficient bids, contrary to
the continuous bilateral trading scheme in which bids can be accepted
due to their mere availability at certain times.7 The implementation of
discrete auctions would also limit the advantage that some participants
may have (due to the implementation of automated trading tools)
and allow smaller players, which are not equipped for continuous
trading, to participate in the market [44,45]. Another advantage is
the improvement of liquidity indicators due to the reduction in the
risk perceived by the participants [40]. Finally, the implementation
of discrete auctions also leads to a decrease in price volatility, which
further enhances participation levels [44].

However, the work in [46] highlights that the achievement of high
market participation in the Spanish ID market is not only attributed
to the implementation of discrete auctions but to additional features
(e.g., dual imbalance settlement mechanism and unit-based schedul-
ing).8 The main disadvantage of the implementation of this setup
compared to the continuous trading approach is the reduction in the
trading flexibility for market participants, that would have to wait for
the next market-clearing session instead of trading immediately as in
the continuous trading setup [43,45].

3.3. Co-optimization of energy and reserves

The procurement and activation of reserves are a fundamental
responsibility of system operators to ensure a reliable power supply.
When procuring reserves, the system operators contract some capacity
to be able to maintain the balance (i.e. equating generation and demand
while accounting for losses) during real-time operation. In the most
common set up in Europe, reserve procurement and wholesale markets
are organized as two separate sequential markets [49]. In this setup, the
capacity that has been committed in one market (e.g., reserve capacity
procurement) cannot be offered in the subsequent market (e.g., DA
market) [11]. This sequential design often results in a poor price
formation, since market participants implicitly include in the reserve
capacity price an estimate of the opportunity costs for not participating
in the DA market [50–52]. Moreover, this sequential design increases
the likelihood of an inefficient allocation of generation resources [50].

To account for these drawbacks, several authors propose to clear
energy and reserves capacity simultaneously in the same auction [11,
51–56], also known as co-optimization of energy and reserves, as is
already the practice, for example, in the Australian NEM (National
Electricity Market)9 and in a number of North-American markets. The
work in [58], which studies the impact of multiple reserve procurement
mechanisms in Europe, shows that the co-optimization of energy and
reserves schedules less reserve capacity when compared to the sequen-
tial alternative. Moreover, this approach results in a more efficient
use of resources decreasing VRES curtailment levels, the likelihood of
load shedding events, and the total costs [53,54,58,59]. The authors
in [51,52,56] highlight that the co-optimization of energy and reserves
enhances the trading opportunities of market participants and con-
tributes to more efficient bidding strategies, leading to an improved
price formation.

The main challenges facing the implementation of this approach in
Europe are the additional computational complexity [51], data collec-
tion requirements, and organizational challenges. According to [49],
the collection of detailed per-unit data (if required) could represent
an institutional challenge for the organization of the current European

7 This first-come-first-serve setup may incentivize untruthful bidding
ehaviour leading to a reduction of SEW as discussed in [43].

8 An overview of imbalance settlement mechanisms including single and
ual mechanisms can be found in [43,47,48].

9 In Australia, frequency control ancillary services markets are co-optimized

ith the electricity market dispatch [37,57].
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markets in which individual generator data is not provided to the mar-
ket operator [49]. Moreover, as the DA and reserve markets are most
commonly cleared by two separate entities in European markets (the
market operator and transmission system operator), co-optimization of
energy and reserves would require a reorganization of the roles of the
operators.

3.4. Peer-to-peer trading and local markets

The fast development and cost reduction of new digital technologies
have boosted the rapid deployment of distributed energy resources
(DER) and have enabled an active role of the end-users. Consequently,
several proposals have been developed to provide suitable market
schemes to effectively integrate prosumers and DER into the power
system. As part of these novel proposals, peer-to-peer (P2P) energy
trading is often used to create new, consumer-centric marketplaces. P2P
is a distributed approach in which anyone producing and/or consuming
electricity (a ‘‘peer’’) can directly sell or buy electricity bilaterally
through a trading platform or a blockchain mechanism [60,61]. For
instance, a P2P approach is proposed as a multi-bilateral economic
dispatch model with product differentiation in [62]. Alternatively, the
work in [63] proposes a sequence of forward and real-time markets,
based on bilateral contracts. A blockchain-based energy management
platform that considers the physical, economic, and information layers
of the system is proposed in [61].

Another perspective is given by community-based P2P models in
which the energy needs and excess of a community are managed among
its members using local energy resources [60,64]. In this approach,
the trading activities between peers inside the community, as well as
the interface with outsiders, are managed by a central actor known as
community manager [13]. A community-based P2P model – referred
to as energy collective – composed of two levels is proposed by [65].
In the first level, members of the community trade their energy in-
ternally, while in the subsequent level, the community (as a unified
player) trades the excess energy in the wholesale market (e.g. DA and
BA markets). Similarly, the work in [66] proposes a community P2P
trading structure composed of three levels, which are defined based on
the structure of the distribution network. According to [65], prosumers
belonging to a community achieve better economic results (i.e. lower
total costs) than those trading individually in a P2P model.

A different approach for integrating DER and active prosumers is
represented by local market (LM) models [67–70]. The work in [67,70]
proposes an LM in which the operator manages the local resources to
participate in the DA market, as in [70], or in the DA and BA markets,
as in [67]. A discussion on the implementation of a two-sided market in
which small consumers participate in the wholesale market is covered
in [71]. Local flexibility markets are proposed in [68,69]. In these
markets, the flexibility provided by local participants (usually managed
by aggregators) is provided to balancing responsible parties (BRPs) to
reduce imbalance [68] and to DSOs for congestion management and
voltage regulation needs [69]. Alternatively, the work in [72] proposes
a blockchain-based configuration that enables DER (more specifically,
electric vehicles) to provide balancing services to the Transmission
System Operator (TSO). A number of additional local and P2P market
designs have been proposed in the literature. An overview of these
prosumer-centric models is presented in [13,68].

P2P and LM models are considered highly relevant for a wide
adoption of DER [60,70]. From a local perspective, P2P and LMs
empower the end-users by taking into consideration their character-
istics, decisions, and preferences [13,62]. From a system perspective,
the deployment of these models would boost innovation along the
entire electricity value chain, driving the development of new busi-
ness models [13]. Notably, novel coordination schemes between grid
operators, such as the ones proposed in [73–75], would enable power
systems to benefit from local distributed flexibility. Such emerging
4

flexibility sources could help alleviate grid challenges, such as grid
congestion problems, potentially resulting in the deferral of expensive
grid investment projects, as discussed in [13,60,69].

The main challenge facing P2P is their scalability when considering
large scale systems with a high number of participants. This is expected
to induce a heavy computational burden, not only due to the amount of
participants or their different roles, but also due to the number of trans-
actions and negotiation processes [13,60,62]. Another challenge lies in
the substantial technical and regulatory issues that must be overcome to
ensure the secure operation of the power system when more local and
P2P schemes are implemented [60]. Moreover, LM mechanisms can be
impeded by low levels of consumer participation – stemming from a
low willingness to participate in complex energy decisions – and by
the risk of gamification by market participants [13,60,62].

4. Market-clearing changes

A number of proposals from the literature suggest modifications
to the formulation of the market-clearing procedure. As illustrated in
this section, these proposals include smart bids, nodal pricing, and
uncertainty-based market-clearing models.

4.1. Smart orders

A key component of the electricity market-clearing is the bid format,
which is used by market participants to provide the information needed
to clear the market. The traditional bid format, which is composed of
a quantity [MWh] and a price [e/MWh] pair per time interval, may
hinder the participation of new market players [76]. For example, the
authors in [77] argue that the traditional price-quantity format is too
restrictive to allow the demand to fully express its flexibility. Moreover,
the traditional format does not provide the market with all the relevant
(techno-economic) information to efficiently clear the market, such as
ramp constraints or minimum revenue to ensure cost recovery [78]. In
light of the need to consider additional constraints, block and complex
bids have been implemented in several markets around the world.
For example, the European Market Coupling Algorithm (known as
EUPHEMIA)10 includes advanced bid formats, such as minimum income
condition, ramp constraints, scheduled stop, linked block orders, block
orders in an exclusive group, and flexible hourly orders [79]. In ad-
dition, the work in [80] proposes to implement block orders that can
be partially cleared (known as adjustable profile blocks). These would
eliminate the presence of paradoxically accepted and rejected block
orders, as well as the need to use iterative heuristic procedures, which
complicates and delays the market-clearing procedure.11

A different angle is covered in [52,56,76], where new bid formats
are proposed for reserve capacity procurement. In this regard, the
authors in [76] propose a redefinition of the requirements for the
provision of reserves by taking into consideration, for example, the
ramp time and the total duration of service provision. Also, the market-
clearing model proposed in [52] allows the submission of combined
bids, which include in a single bid both the energy and the upward
reserve offers, limited by the total generation capacity. The work
in [56] proposes to implement flexible production bids to clear a co-
optimized DA and reserve procurement market. The flexible production
bids take into account the ramp constraints, the start-up cost, and the
variable cost.

The works in [81,82] propose alternative bid formats for multi-
carrier energy markets.12 The bid format proposed in [81] contains

10 EUPHEMIA is the European single price algorithm of the Price Coupling
of Regions (PCR) initiative. The PCR established the methodology for the
joint clearing of the DA market in Europe. An overview of the integration
of European electricity markets is provided in [45].

11 Paradoxically accepted (rejected) bids are bids that are accepted (rejected)
even if they are out(in)-the-money.

12
 Multi-carrier markets are discussed in Section 5.
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information about the energy carrier and the location of the genera-
tion unit. The authors in [82] propose conversion and storage orders.
On one hand, conversion orders allow trading in one energy carrier
depending on the market prices of another energy carrier. On the other
hand, storage orders, allow market participants to trade energy across
periods of the market-clearing horizon.

Regarding demand bids, the work in [80] proposes to implement
joint block bids. This type of bids is composed of a set of demand
blocks located at different nodes that should be cleared or rejected
altogether. Three additional bid types are proposed in [77], to encour-
age higher participation from the demand and storage sides, namely,
adjustable demand, deferrable demand, and arbitrage bids. The latter
is proposed explicitly for storage facilities, which can profit from price
discrepancies over time, and includes parameters such as storage levels,
efficiency loss, and the charge and discharges rates.

The redefinition of requirements and parameters considered in the
bid format would facilitate the market access for new participants, such
as demand aggregators and storage technologies, by providing a better
representation of their technical characteristics and constraints [77,80].
In turn, this would allow the market to take advantage of the flexibility
and synergies of these new market players [76,81].

The main challenge facing the implementation of smart bids is the
complexity of the market-clearing procedure [78,81] often resulting
in paradoxical clearing results [45,52]. This complexity could intro-
duce ambiguity regarding the generation of the market outcomes,
which leads to lower confidence in the market procedure and lower
participation levels [45].

4.2. Nodal pricing

Currently, European electricity markets commonly apply zonal pric-
ing, which considers a simplified network with unlimited network
capacity within each defined zone. By contrast, several authors pro-
pose a more granular locational pricing approach as a highly relevant
improvement to the current market designs [7,9,11,12,16,33,83,84]. As
of today, intra-zonal congestions are solved by TSOs using re-dispatch
actions after the DA electricity markets are cleared. As the share of
VRES increases and flexibility services emerge from the distribution
side of the system, grid congestions within the zones are also expected
to increase, further impacting the efficiency of the current model [12,
84]. To avoid ex-post adjustments, a more accurate representation of
he physical characteristics of the network is recommended [11].13

onsistently, nodal pricing has emerged as a recommended solution for
hose regions with frequent and structural network congestion events.14

n fact, the implementation of nodal pricing achieves higher SEW
hen compared with other models, such as uniform and zonal pricing,
specially when accounting for the cost savings stemming from a more
fficient dispatch and lower electricity prices [6].

Although the implementation of nodal pricing is known to bring
enefits also in the long-term (i.e., to guide the investment of gen-
ration and complementary solutions in adequate locations [19]), it
lso faces a strong regulatory and public opposition. The main concern
s related to the exposure of consumers located in congested areas to
igher prices (as compared to other consumers living in non-congested
reas). For these reasons, the implementation of aggregated retail pric-
ng regions, which average nodal prices across regions, is a commonly
sed option to limit consumer exposure in the US [27,85]. Another
eneral concern associated with nodal pricing is the risk of reduction in
arket liquidity and exertion of market power. In this regard, the im-
lementation of compensation schemes, such as financial transmission

13 These physical characteristics may be represented through network mod-
ls, such as the linearized (so-called ‘‘DC’’) power flow model and the
on-linear AC power flow model.
14 Nodal pricing is commonly applied in, for example, North-American
lectricity markets.
5

rights, has shown to encourage participation in US markets, improving
liquidity indicators [85,86].

Finally, the work in [86] discusses that the implementation of nodal
pricing in Europe would require significant changes to the current mar-
ket. Some of these changes are needed to allow a stronger interaction
between TSOs and DSOs, the implementation of ex-ante market power
mitigation measures, and the allocation of the responsibility for the
operation of the short term markets and of network operation to a
single operator. Thus, the opposition to nodal pricing implementation
is also partly due to the fact that moving to a nodal pricing approach
requires fundamental changes to the current structure of the European
electricity markets, increasing the implementations costs [27,87]. To
avoid such radical modification, other innovative zonal models could
be considered, for example, the work in [88,89] proposes a zonal
market model with transmission switching, which could contribute to
filling the gap between zonal and nodal pricing.

4.3. Uncertainty-based market-clearing

The presence of high amounts of uncertainty in the power system
augments the likelihood of activation of expensive fast-response units
and the occurrence of load shedding events. This aspect is expected to
be even more relevant in the future, due to the increasing penetration
of VRES and uncertain demand. To minimize this risk, market and
system operators must ensure that enough flexible generation capacity
is set aside to cope with unexpected variations. However, the cur-
rent deterministic approach to market-clearing fails to consider the
stochastic nature of these new participants, which could result in an
inefficient dispatch [90]. This section explores the main techniques
proposed to deal with high amounts of uncertainty via the market-
clearing mechanism. These techniques include stochastic programming
(SP), chance constraint optimization (CCO), and robust optimization
(RO). Most of the proposals included in this section co-optimize energy
and reserves, continuing with the proposal described in Section 3.3.

Note that most of the proposed market-clearing formulations corre-
spond to a centralized structure, similar to the approach implemented
in the US, and different from the decentralized structure used in most
European countries. This centralized approach relies on unit com-
mitment (UC) and economic dispatch (ED) models for power plant
scheduling, where market participants provide detailed cost and tech-
nical information to the system operator. The decentralized approach,
instead, relies on market bids (which could, in fact, be portfolio-
based rather than unit-based) submitted to the power exchange. These
bids typically do not account for detailed unit constraints, whose
responsibility is given to each market participant [91].

4.3.1. Stochastic programming
As a means to handle uncertainty, several authors have proposed

to employ a two-stage SP model to clear the DA market [90,92–98].
Contrary to deterministic models where forecasts of the next day’s
operating conditions are only used by bidders to determine their offers,
an SP model explicitly considers the possible realizations of uncertain
variables in real-time within the market-clearing mechanism. The two-
stage SP approach aims at minimizing the expected system operation
costs by considering, in a single formulation, the DA market dispatch
costs, which includes both energy and reserve capacity costs (1st stage),
and the expected costs of the balancing actions in real-time operation
(2nd stage) [90].15 The expected costs may include the costs associated
with reserve activation, load shedding actions, and VRES curtailment
decisions.

In this approach, the uncertainty, which in most cases refers to
VRES production, is represented by a set of scenarios, whose prob-
ability of occurrence multiplies the costs of the balancing actions to

15 Note that not all SP formulations include reserve capacity bids as shown,
for example, in [96].
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yield the expected costs for the balancing stage. Regarding the con-
straints, this approach includes energy balance equations for the DA
market, real-time balance, bounds on the submitted bids, declaration
of non-negative variables, and limits associated with load shedding,
curtailment, and reserves activation. Depending on the modelling ap-
proach, transmission network capacity constraints can be omitted as
in [93], or included at different levels of detail (using AC power-
flow models with relaxation techniques [92] or linearized DC power
flow models [90,96,97]). By anticipating, in the DA schedule, probable
network congestions during real-time operation, the likelihood of the
occurrence of network issues can, in fact, be lowered [90,97].

To simplify the two-stage SP problem, assumptions such as wind
power production being the only source of uncertainty, a lossless trans-
mission network and an inelastic demand, are common, in addition
to the omission of intertemporal constraints and minimum generation
limits [90,93,96]. A different perspective is given by formulations ad-
dressing security constraint unit commitment (SCUC) problems [94,98]
in which the uncertainty is associated with the occurrence of 𝑛 − 1
contingency events. The SCUC formulations in [94,98] also include
intertemporal constraints, such as generation ramping limits.

Another relevant aspect is the definition of the remuneration mecha-
nism. Both [90,96] adopt a pricing scheme where the electricity traded
in DA market is priced at the dual variable of the DA energy balance
equality constraint, while the electricity to balance the system, as well
as imbalances, are priced at a value proportional to the dual variable
of the energy balance equation of the balancing stage.

4.3.1.1 Discussion When the uncertainty is accurately represented, the
SP model has been proven to perform better than the conventional ED
in terms of the expected SEW [93,96,97]. In addition, [96] argues that
the SP model reduces market power and price volatility, by bringing
together large trading volumes as a result of the co-optimization of DA
and BA markets. The pricing scheme proposed by [90,96] also proves to
provide revenue adequacy for the market operator and cost recovery for
power producers, but only in expectation. In this regard, the main dis-
advantage of the SP market-clearing is that this approach fails to meet
these characteristics for each scenario. This represents a risk for fast
response producers who, in some scenarios, may be dispatched in loss-
making positions – with market prices lower than the prices submitted
in their original bids – hence lowering their participation [90,93,96].
To the best of the authors’ knowledge, no work has yet proposed an
SP formulation that successfully delivers revenue adequacy and cost
recovery both in expectation and by scenario. A number of attempts
have been made to fill this gap, such as the SP equilibrium model
proposed in [95], which ensures cost recovery and revenue adequacy
by scenario, but at the expense of very high system costs.

Even though SP provides improved results in terms of expected
economic efficiency, it has some relevant implementation limitations.
For example, SP potentially introduces a high computational burden
associated with the large number of scenarios required to accurately
represent the uncertainty [99,100]. Another disadvantage of SP con-
cerns the identification of scenarios, which are defined from the proba-
bility functions of stochastic generation resources. The work in [93]
shows, through a case study, that wind power producers might be
incentivized to misreport their wind probability functions to reduce
their risk exposure and augment their expected profits. Moreover, they
may fail to accurately consider the correlation between different wind
power plants in different locations [96].

4.3.2 Chance constraint optimization
CCO has been proposed as an alternative approach to accommodate

uncertainty while avoiding the shortcomings of scenario-based SP mod-
els. In practice, the probability space of the uncertainties is added to the
constraints, which limit the optimization problem’s feasibility domain
in such a way to guarantee that operational limits are not violated
within a specified confidence level.
6

A key component in the CCO approach is the formulation of the
chance constraints. These constraints are function of random variables,
represented by their probability density function. Random variables
correspond, for example, to the errors associated with VRES and load
forecasting (represented as Gaussian distributions in [101,102] or as
non-Gaussian correlated variables as in [103]).

The CCO approach has been proposed by the authors in [101–103]
to address the ED problem of the DA market, where the objective func-
tion aims to minimize the generation and reserve capacity scheduling
costs for the next day of operation, taking into consideration sys-
tem reserve limits and transmission lines limits as chance constraints.
Moreover, a relatively higher number of papers propose to use a CCO
approach to solve UC problems [25,104–108]. For instance, [107] pro-
poses a CCO formulation to calculate the optimal hourly commitment
of thermal units and the required spinning reserves to deal with load
forecasting errors, power system outages, and variability of stochastic
production. The constraints formulated as chance constraints ensure
that generation and reserve capacity are enough to meet the demand
and keep the transmission lines flow within limits. The risk indices
used to set the probability associated with those constraints are the
loss-of-load probability (LOLP) and the probability of transmission line
overload (TLOP). As an alternative, a two-stage CCO approach is pro-
posed in [25,105,108]. In this formulation, the first stage minimizes the
total UC costs, while the second seeks to minimize the costs associated
with wind curtailment and load shedding events [105,108] as well as
incentive-based DR measures [25]. Besides LOLP and TLOP, the loss
of wind probability (LOWP) is used to guarantee a utilization level of
wind power. The formulation proposed by [104] also defines a pricing
scheme to reward energy and reserve capacity under CCO approaches.
This scheme ensures revenue adequacy and cost recovery under a
number of conditions (i.e., positive commitment prices and minimum
generation output for each generation unit set to zero).

4.3.2.1 Discussion By including chance constraints pertaining to trans-
mission lines overload, imbalances, and load shedding events, a CCO
approach enables the market operator to limit the risks associated with
the presence of uncertainty in real-time operation [25,105,108]. In
other words, CCO provides a way to balance reliability and economic
efficiency [103,106,107]. For example, less restrictive chance con-
straints result in lower total costs in the DA market (e.g., transmission
congestion costs, reserve costs), but increase the risk of violation of
these constraints, as observed in the case study in [107]. Moreover,
CCO ensures the attainment of targets such as high utilization of wind
power production, while providing a reliable system operation [25,
105]. Those targets are relevant for the short term and long-term oper-
ation of the market. For example, a guaranteed high utilization of wind
power production provides incentives for wind power investors and
supports the reduction of CO2 emissions [105]. Lastly, when compared
with scenario-based models, CCO models provide a more accurate
representation of uncertainty by representing the random variables
with their probability density functions, instead of using scenarios as
in SP [104].

The most critical disadvantage of the CCO approach is its underlying
complexity. Some relevant challenges stem from the characterization of
the random variables and their probability distributions, the need for a
transformation of the stochastic chance constraints into a deterministic
formulation, and the development of solution methods to address non-
linearity and non-convexity [103]. The relevance of addressing those
challenges is evident, for instance, in the increasing attention given
by several authors to proposing new solution algorithms for the CCO
formulations and demonstrating their efficiency [101,103,105,107].
Note that the complexity of the model increases with the number of
constraints formulated as chance constraints, up to the point where it
may not be possible to meet all constraints, resulting in infeasibility or
convergence problems [106,107]. Moreover, open questions, about the
definition of the confidence level and the entity responsible for it, still
remain to be answered.
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4.3.3 Robust optimization
Robustness is the key focus of what is known as the RO ap-

proach [90,99,100,109], which typically refers to meeting a certain
requirement under the worst-case realization. In the ED applications,
RO aims at minimizing the dispatching costs, taking into consideration
the worst-case realization in the balancing stage. In this approach,
uncertainty is represented by an uncertainty set (instead of using
scenarios as in SP).

Only a few authors have proposed the use of RO for ED. Specifi-
cally, an adaptive robust optimization (ARO) model has been proposed
in [90,109] for markets with high penetration of wind power pro-
duction. The problem involves a three-level (min–max–min) structure
within two stages. The first stage seeks to minimize the total DA
energy and reserve capacity costs. The second stage corresponds to
the balancing stage and is represented by a max–min formulation. The
maximization problem selects, within an uncertainty set, the worst-case
realization of the uncertain variables (e.g., wind power production).
The minimization problem represents the decisions to mitigate the
impact of this worst-case realization. In other words, the costs of the
balancing actions under such realization are minimized. With regard
to the uncertainty set, the work in [90] defines the uncertainty set as
a group of linear inequalities, which includes the maximum deviation
from the main forecast (i.e. upper and lower bounds) and the commonly
used uncertainty budget, which ensures that the sum of deviations from
different producers does not exceed a certain limit.16

Most authors have proposed RO models to solve UC problems [99,
100,110–112]. For example, [100] uses an ARO approach to account
for the ramp events of wind power production, considering the worst-
case scenario as the one with the highest wind power fluctuation in
24 h. In this formulation, the uncertainty budget is defined to limit the
number of periods in which wind production differs from the forecast.
The work in [99], which also proposes an ARO approach, addresses
the SCUC problem by defining the uncertainty set as the total variation
from the nominal net injection in each node. Alternative RO models
are implemented in [110–112]. A minimax regret robust UC model
is proposed by [111]. This approach aims to minimize the maximum
regret of the DA decisions over all possible scenarios. In this model,
regret is measured as the total cost difference between the current
solution, whose uncertain realization is unknown, and the perfect infor-
mation solution, which is the decision if the uncertain realization were
known. A minimax variance robust UC model is proposed in [110].
In this model, the worst case is defined as the highest balancing cost
deviation under uncertainty, which is defined by the authors as the
largest difference between the highest and the lowest real-time costs
within all possible realizations in the uncertainty set.

4.3.3.1 Discussion RO provides a feasible solution for any value of the
uncertain parameters and an optimal result in the worst-case event [90,
110,111]. Therefore, RO procures enough upwards capacity to deal
with the worst-case realizations. In this sense, the likelihood of occur-
rence of load shedding events is minimized [90,99,100,109]. Further-
more, when compared with the deterministic approach, RO reduces the
volatility of dispatching costs by decreasing the occurrence of close
to real-time emergency load shedding costs, activation of expensive
reserve units, or re-dispatch actions due to transmission constraints [90,
99].

The main disadvantage of using the RO approach is the conser-
vativeness of the generated solutions, especially in the provision of
upward reserves, which may result in significantly higher costs as
compared with the current deterministic design [90,111]. In fact, [99]
indicates that those costs can be reduced by properly choosing the
uncertainty budget, reducing then the conservativeness of the solution.

16 An additional constraint is included in [109] to correlate the variation
f wind production in neighbouring plants, which are expected to experience
imilar weather conditions.
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However, adjusting the uncertainty budget represents a trade-off be-
tween economic performance and system reliability and, hence, must
be carefully carried out not to induce operational and reliability risks.

4.3.4 Hybrid formulations
Besides SP, CCO, and RO, various other market-clearing models

have been proposed in the literature to deal with uncertainty, each
entailing their own advantages and disadvantages. For example, the
work in [112] proposes a unified two-stage stochastic-robust (SRO) UC
model, which considers, in the second stage, both the expected and the
worst-case generation costs, each weighted with a parameter set by the
operator.

A combination of chance constraint and goal programming (CCGP)
is proposed in [106] for the UC problem. This joint formulation makes
it possible to adjust the risk levels of multiple chance constraints
individually, when they lead to highly expensive solutions.

A bi-level optimization market-clearing problem based on SP is
proposed by the authors in [97]. In this model, which separates con-
ventional and stochastic dispatch in lower and upper-level problems,
the stochastic producers are dispatched by a central non-profit entity
based on the costs of their uncertainty, while conventional producers
are dispatched based on the traditional merit order (i.e. ascending order
of marginal costs). According to [97], this model performs as well as
SP in terms of system operation costs, and ensures cost recovery for the
market participants under every scenario, contrary to SP. However, it
fails to provide price-consistency [113].

A two-stage distributionally RO model, which is also a combination
of SP and RO, is proposed by [114]. This formulation differs from RO in
the fact that the uncertainty set is composed of the potential probability
density functions and there are no manually adjustable parameters
(such as the uncertainty budget in RO). The main differences with
respect to SP are that it considers the worst-case outcome and the exact
probability density function is unknown (only a forecast of the mean
and variance are required). Even though the model does not prove to be
less conservative than RO, it has a similar computational performance
while considering a full range of probabilistic information. A similar
model is used in [115] in which a multi-period formulation and a
more accurate framework to model the distribution density functions
are proposed.

5 Commodity changes

Besides organizational and market-clearing changes, a number of
innovative proposals in the literature suggest going beyond electrical
energy trading by including other energy carriers in the market-clearing
procedure, or by trading electrical power instead of energy. These
changes to the traded commodity are discussed next.

5.1 Multi-carrier markets

Multi-carrier markets combine multiple energy carriers – such as
electricity, gas, and heat – in an integrated market. These markets
aim to address two main concerns. The first concern is the lack of
coordination across energy systems, which may result in inefficient
usage of energy resources and forecasting errors [116–119]. For in-
stance, gas-fired power plants (GFPPs) bid in the DA electricity market
with prices that may not reflect the price of natural gas, as the latter
is traded separately in the gas market [116,117]. Similarly, heating
systems interact with power systems through combined heat and power
units (CHP) plants, but are not organized around a market struc-
ture [119]. The second concern is the operational challenge related
to the transfer of uncertainty from the demand and VRES to the gas
and the heating systems through the shared components (e.g. GFPPs,

CHP plants) [120,121]. In other words, multi-carrier markets enable an
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enhanced representation of multi-carrier technologies, such as GFPPs
and CHPs, storage systems, and energy hubs [119,120].17

Examples of models integrating electricity and gas markets are
ound in [116,117]. A two-stage SP model, which couples the electricity
nd natural gas markets, is proposed in [117]. This model incorporates
n the co-optimization of the DA and BA markets a simplified gas
etwork model, capturing the constraints on the flow and storage of
atural gas. The work in [116] proposes, instead, to implement in
he gas market contracts based on swing options. These contracts are
eant to protect GFPP against gas price uncertainty and to provide

alid information to form bids in the electricity market. A stochastic bi-
evel optimization model is used to determine the contract price while
ccounting for both systems.

Another line of work discusses the integration of electricity, gas,
nd heating in a multi-carrier market. In this regard, [118] proposes to
lear all markets simultaneously through a coupled, deterministic DA
arket model and introduces a new set of complex orders to express the

elation among different carriers. The authors in [120] propose an ARO
odel to optimize the dispatch of the three carriers in an urban energy

ystem. An SP approach is proposed in [119] to clear an integrated en-
rgy system including storage technologies (i.e., batteries, heat storage
anks, and gas storage systems). The work in [82] proposes and com-
ares a centralized and a decentralized multi-carrier market-clearing
lgorithm including different types of constraints (labelled pro rata
nd cumulative constraints). A different perspective is provided by the
ork in [81], which proposes a centralized local multi-carrier market

n which bid dependencies and simultaneous clearing is included.

.1.1 Discussion
The improved coordination of multiple energy markets maximizes

he combined SEW by considering the impact of the dispatch decisions
f a certain market (e.g. electricity market) on the remaining markets
e.g. heat and gas markets) [118,120]. Moreover, this approach effec-
ively exploits the flexibility available in the different components of
he integrated markets, leading to lower balancing costs [117]. This
igher flexibility would be fundamental to accommodate the uncer-
ainty of the increasing penetration of VRES as discussed in [118,120,
23] and illustrated in [119].

The main concern regarding multi-carrier markets is related to
he increased complexity of the model. This complexity is evident
hrough the challenging interpretation of results [81] and in the high
omputational time required to clear the market. For example, in the
ase study in [117], the time required to solve the considered multi-
arrier model is 17 times the time required to solve a model that mimics
he current design. Additional concerns are related to organizational
spects, such as the coordination between system operators, the lower
iquidity in non-electricity markets, and the possible rise of gaming
pportunities [118].

.2 Power-based DA market

According to [23,124], the coarse approximation used in the current
esign, which models production and consumption as energy in hourly
locks, results in costly and infeasible schedules (that are not suitable
o capture ramp needs) and does not guarantee the momentary balance
f supply and demand. To address this and other concerns, a power-
ased DA market is proposed by several authors as an alternative to
he current energy-based DA market [23,124,125].

In this regard, a first proposal implements multiple step-wise power
rofiles for each trading period [125]. According to the authors, this
pproach would allow market participants to trade products that better
eflect their technical characteristics. Moreover, it would enable the

17 Energy hubs are integrated units where multiple energy carriers are
onditioned, converted, or stored [122].
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system operator to better account for short-term fluctuations in con-
sumption and production, as well as to identify the flexibility available
in the market. A second contribution proposes to implement a power
based formulation with startup and shutdown trajectories that properly
represent the operation of generators and make better use of their flexi-
bility [124]. A third proposed method envisions a market design where
the results of the market-clearing process would be twofold: a linear
power trajectory for each participant, representing their electricity
production and consumption at every instant, and a total price for the
power produced in a certain time period [23]. According to the authors,
the implementation of such power-based market would result in cost-
efficient schedules and, in comparison with an energy-based design,
lower balancing costs and wind curtailments. However, in general,
these proposed changes would also impose higher requirements for
the communication infrastructure as well as shorter data processing
times [125].

6 Policy changes

The last set of proposals corresponds to the out-of-market modi-
fications that are the result of a policy decision-making process. The
proposals in this category are mentioned briefly for completeness,
but are not described in extensive detail. This is mainly due to the
wider scope of these policy decisions, leading to the impracticality of
reviewing them comprehensively within the scope of the current work
due to space limitation.

Three different policy interventions are frequently proposed in the
literature. The first one focuses on the readjustment of technology-
specific subsidies, to address distortions in the market price (e.g., VRES
producers able to bid below marginal costs). The second one con-
siders the adjustment of the carbon price which, under the current
EU-ETS market, can be insufficient to internalize environmental ex-
ternalities [5,6,9,10,16,126]. The third one regards an adequate price
formation in scarcity periods. The work in [9,12] proposes to increase
the price cap up to the value of loss load (VoLL). This would allow
the recovery of fixed costs for power plants running only a few hours
per year [12]. For example, the upper price cap currently in place in
the European DA markets operated by the European Power Exchange
(EPEX) is 3000 EUR/MWh [127], which is significantly lower than, for
example, the bid cap in the Australian market, that is set to 15,000
AUD/MWh and is one of the highest price caps in the world [19]. As
an alternative, administrative reserve shortage pricing can be imple-
mented by system operators to adjust the DA price when it does not
reflect the real value of flexibility [21].

7 Taxonomy of the market design modification proposals

For each market design modification, Fig. 1 illustrates which of the
barriers affecting the performance of the electricity market (introduced
in Section 2) are specifically addressed. In this regard, three main obser-
vations can be made. First, each proposal mainly focuses on one barrier
category, represented by the leftmost circle. However, a proposal can
address more than one barrier category simultaneously. Second, while
some barriers have received more attention than others in the recent
literature, all the barrier categories have been addressed by at least
one proposal for the modification of the current market design. Note,
however, that when a market modification proposal addresses a barrier
category, this does not imply that the proposal is capable of eliminating
this barrier entirely, but rather that the proposal mitigates the effect of
that barrier or partially resolves it. Third, although the proposals found
in the literature can all be matched to one or more of the barriers, there
is no proposal for a market design modification which addresses all the
barriers simultaneously.

More specifically, from this taxonomy of proposed solutions and

barriers, it is possible to observe the following:
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Fig. 1. Barriers addressed by each proposal.
• Most of the proposals address (directly) one or more aspects of the
players’ constraints barrier. This highlights the focus of this wide
body of literature on the presence of new players and associated
generation, consumption, and storage technologies in the market.

• A large share of the proposals aims at achieving a better formation
of the electricity price. This goal can be interpreted in several
ways and includes achieving prices that reflect the network and
players’ constraints (e.g., using nodal pricing and smart orders), as
well as prices that fairly remunerate the availability of generation
resources.

• Unlike all other barriers, the network constraint barrier is ef-
fectively addressed only by one of the proposals reviewed in
this paper: the implementation of nodal pricing. This could be
attributed to the maturity of this solution, which is already im-
plemented in several markets around the world (such as, in
North-American electricity markets).

• The modifications addressing competition issues include the im-
plementation of discrete auctions in the ID market and the ad-
justment of technology-specific support measures. It should be
noted that the implementation of proposals that better account
for player’s constraints, such as smart orders or uncertainty-based
market-clearing, can also improve participation levels – and,
hence, competition – by opening up the market to new players.

In sum, Fig. 1 shows that there is a strong and growing interest in
understanding how new players’ constraints can be better represented
in the short-term trading arrangements for electricity (and reserve
procurement). This is not entirely surprising given their expected key
role in the de-carbonization of the electricity sector. At the same time,
however, there is no single way to address this major barrier category,
and still, no consensus on which type of modification – i.e., organiza-
tional or market-clearing modifications – would be preferable. Indeed,
it appears that most of the proposed solutions, in this regard, are
associated with market-clearing changes, leading to modifications in
the way market participants present their orders, and market operators
account for players’ uncertainties in the market-clearing mechanism.
These modifications would be accounted for differently, depending
on the level of centralization of the market. A clear direction of the
evolution of the market, in that regard, has still to emerge.

Significant efforts are also being devoted to the study of how
electricity prices should be defined in the future. On the one hand,
local and even individual (P2P) pricing are suggested in the litera-
ture to capture the preferences of the end-users. On the other hand,
the literature also suggests that wholesale market prices should rep-
resent system-wide network and reliability requirements (via nodal
9

pricing and uncertainty-based market-clearing). Even more demanding
are the proposals to capture the specific features of more than one
commodity within a single market price. This, as a result, introduces
challenges regarding the market proposals and level of coordination
within the power system, which would be necessary to pursue these
new directions.

Moreover, while the concern with ensuring an adequate level of
competition in the electricity market is always present in all the pro-
posed market designs, it appears not to be the main object of the
proposals. Quite simply, all design changes that might ensure larger
participation are categorized as competition enhancing and vice versa.
In practice, market monitoring, together with policy changes, could
be further developed to enhance competition and limit the exertion of
market power.

Finally, it is important to note that a number of challenges can
hinder the practical implementation of the investigated proposals. The
most common challenge is the high computational needs associated
with the implementation of some proposals. For example, the imple-
mentation of uncertainty-based market-clearing, complex smart orders,
and multi-carrier markets are all associated with a high computa-
tional cost. Moreover, the implementation of uncertainty-based market-
clearing models has high data collection requirements, and, in some
proposals, such as the implementation of SP, collecting and processing
the information required for the creation of scenarios is a responsibility
yet to be assigned. Another challenge lies in the possibility that the
implementation of some proposals could have negative implications on
other aspects of the market. For instance, a later GCT can impact the
reliable operation of the power system, and P2P models challenge the
secure operation of the system. Moreover, a common challenge that
could impact the implementation of the proposals is the increased com-
plexity of the market design from the players’ perspective. For example,
an overly complex market design can be perceived as less transpar-
ent, which could negatively impact participation levels. This challenge
could affect the implementation of, for example, uncertainty-based
market-clearing, multi-carrier markets, and power-based markets. Fi-
nally, the implementation of some proposals could unequally impact
market participants. The most straightforward examples are given by
the implementation of nodal pricing, which would expose consumers
living in congested areas to higher prices.

8 Complementarity of wholesale, retail, and ancillary services
markets

Even though the focus of this paper is on short-term wholesale

electricity markets, it is worth noting that the wholesale market is
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not isolated from other markets (e.g., forward, ancillary services, and
retail markets). Therefore, to improve the performance of the entire
market, the following key aspects, among others, should be taken into
consideration:

• An efficient full design needs to consider all the markets within
the value chain (e.g., wholesale markets, retail markets, ancillary
services, and forward markets) as concluded in [37]. This sys-
temic view would facilitate the maximization of benefits and the
identification of shortcomings.

• Additional efforts on the design of ancillary services are required
to ensure a secure supply and reliable operation of the grid in
the coming years. This aspect is considered even more relevant
due, for example, to the higher penetration of VRES, and to
the reduction of inertia resulting from the decrease of rotational
mass in the power system. The redesign of ancillary services
should address not only balancing services (e.g., fast frequency
response, frequency containment reserves, and frequency restora-
tion reserves18), but also the definition of products for different
services including, e.g., congestion management, voltage control,
and inertial response.19

• Even though the technical and economic aspects of power systems
are highly relevant, failure to consider the social and equity di-
mensions leads to negative outcomes and high resistance towards
decarbonization, as discussed in [129]. In this regard, levies, cost-
recovery mechanisms, and network tariffs should be carefully
designed to ensure that these costs are fairly allocated [19,129].20

Conclusions and future research outlook

In light of the current transformation of the electricity sector, sev-
ral modifications to the current market design have been proposed in
he literature. To provide a comprehensive overview of the wide set of
roposals, this paper has classified the proposed solutions according to
he nature of the suggested modifications (i.e., organizational, market-
learing, commodity-related, and policy changes). Moreover, potential
arrier categories, that hinder the ideal performance of the electricity
arket have been defined. This includes barriers affecting: the pricing

f electricity, the pricing of externalities, network constraints, players’
onstraints, and market competition. Subsequently, a rigorous discus-
ion of the advantages and disadvantages of each of the proposals was
rovided, along with a structured assessment of the barriers addressed
y each of the proposals and the associated real-life implementation
hallenges. In this regard, it was observed that each barrier is addressed
y at least one proposed solution, while no proposed solution is able to
olve all the defined barriers. Hence, further research is needed to (1)
ssess which set of modifications to the current market design are re-
uired to improve the performance of the market comprehensively, and
2) overcome the identified challenges, to facilitate the implementation
f the proposed market modifications and leverage their benefits.

18 The International Grid Control Cooperation (IGCC), the Platform for
he International Coordination of Automated Frequency Restoration and Sta-
le System Operation (PICASSO), the Manually Activated Reserves Initiative
MARI), and the Trans European Replacement Reserves Exchange (TERRE) are
he European initiatives to establish standardized regional markets and plat-
orms for imbalance netting, automatic restoration reserves, manual frequency
estoration reserves, and replacement reserves, respectively [128].
19 A detailed description of services and products for grid services defined
nder the European project CoordiNET is provided in [73].
20 A case presented in [130] discusses how the increase in network expendi-

ures, lack of clarity in emission reduction objectives and policies, and higher
holesale prices (mainly due to lack of policy continuity), led to a doubling

n retail prices in Australia. As discussed in [130], this situation has been
ggravated by cost-recovery mechanisms (designed to recover transmission
nd distribution network costs, and government subsidies) which led the
ajority of the costs to be borne by low-income consumers.
10
Future research directions should extend beyond the mere design
of the market to account for the impact on the bidding behaviour of
market participants triggered by the implementation of the new market
designs, as well as the interdependency between sequential markets.
Indeed, by incorporating aspects related to market design, players’
strategic behaviour, and interdependence between markets, an analysis
of any proposed market solution could provide practical and influential
recommendations capable of shaping the future of electricity markets.
In addition to the aspects discussed in this paper, particular attention
should be given to new technological trends, which have appeared in
recent years and are likely to have direct effects on electricity markets
and their designs, such as power-to-molecules technologies. Among
a multitude of benefits, such technologies could provide additional
flexibility to the power system, allowing the large-scale integration of
VRES.
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Appendix A. Market criteria

To investigate the performance of current and future wholesale
short-term electricity markets, a number of criteria have been identi-
fied from the literature [8,14,16–19]. These criteria include both the
economic and technical dimensions of electricity markets and are as
follows:

1. The market is designed to maximize SEW;
2. The market price provides adequate signals to market partic-

ipants in the short term, which results in cost recovery and
efficient consumption, as well as in the long term, resulting in
efficient investments;

3. The market is designed so that accessibility for all players is
ensured, i.e., the relevant techno-economic constraints of gen-
eration, consumption, and storage are taken into consideration
in a non-discriminatory manner;

4. The market design respects the system physical constraints and
supports system security of supply;

5. The market design supports competition among market partici-
pants;

6. Price consistency is ensured across sequential markets so that
any deviation of the real-time price from the day-ahead price is
the result of uncertain factors only.

Note that some contributions suggest including, as an additional
criterion, price stability at the wholesale level. This, however, would
be exceedingly challenging to achieve under an energy-only market
scheme [131].

Appendix B. Method

This paper reviewed the literature proposing modifications to the
current short-term market designs while focusing on the European
market context. Due to the focus on the short-term market time frame,
proposals on, e.g., capacity markets, were excluded. The first stage
of the review process corresponded to gathering the literature that
complies with the search criteria. These criteria included a set of
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keywords (e.g., electricity market design, future market design, short
term electricity market, among others) for papers written in English
with a date of publication no older than 2010. The sources consid-
ered as relevant for this review were: books, peer-reviewed journals,
conference proceedings, and scientific reports published by recognized
international entities. As a result of this first stage, 151 references were
gathered.

The second stage corresponded to the analysis and selection of the
literature to be included in the paper. At this stage, each reference was
assigned to at least one of the identified solution categories according
to the type of modification to the market that the reference proposes.
In this regard, the categories created were: (1) market organizational
changes, (2) market-clearing changes, (3) commodity changes, and
(4) policy changes. Once classified, the relevance of each paper was
assessed based on whether the authors proposed one or more particular
solutions or discussed the advantages and disadvantages related to the
implementation of the proposal. This process led to a total of 108
selected references, most of them (aprox. 74%) published between
2016 and 2021. Finally, a cross-check was performed to determine the
barrier(s) that each type of market proposal was able to address.
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