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Abstract: The huge penetration of renewable energy sources poses several challenges for the
function of electricity markets, such as increased price volatility and massive curtailments.
This paper investigates the current structure of the wholesale electricity market in Greece
under the Target Model guidelines. Our analysis put under scrutiny the formation and
function of both spot and balancing markets by highlighting key challenges and reforms.
Empirical evidence reveals that the domestic market is currently in accordance with the
European Target Model; however, the anticipated benefits in terms of more competitive
prices are not evident yet. The oversupply of electricity accompanied by low demand that
is apparent in the Greek market points to the rapid participation of storage units in the
system. The paper provides a detailed description of the recent support mechanism to
facilitate the integration of BESS into the system. Eventually, this is anticipated to reduce
price volatility and smoothen the price curves.

Keywords: wholesale electricity market; target model; spot market; balancing market; storage

1. Introduction

The integration of energy markets in the European Union (EU) has gradually evolved
since 1990 to achieve price convergence and enhance competition of European products [1].
Different directives and guidelines facilitated the drive towards a pan-European energy
market, which was thoroughly structured with the introduction of the Third Energy Pack-
age in 2009. The Target Model was formulated with a vision of achieving an integrated
European energy market, offering a more efficient, robust and competitive energy system,
while enhancing security and cross-border trading. In that framework, surplus energy
produced in one country would easily be transferred to a neighboring country facing
scarcity, bringing both countries in balance concerning price coupling and environmental
aspects [2]. Following more than two decades in this direction towards energy transition
and sustainability, the primary challenge at the EU level is the increased electrification rates
of today’s system. This development poses a significant need for enhanced interconnections
between countries and proper modelling of energy flows [3].

The structure of the wholesale electricity market to date was designed to accommodate
mainly conventional electricity production sources [4,5]. Yet, the ongoing energy transition
accompanied by the immense penetration of Renewable Energy Sources (RES) drives the
need for significant modifications in the design of the wholesale electricity market, as well
as requiring massive investments towards upgrading infrastructures in interconnections
and storage solutions [6,7]. Thus, various storage technologies and grid connections are
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essential to secure the smooth operation of the system and manage the heavy loads of
generated energy during peak production hours [8]. The absence of these interventions
could lead to curtailments and congestion problems in the grid accompanied by zero and
even negative prices, as seen in many member states [9]. Another critical issue arising due
to the increased penetration of RES is price volatility throughout the day, and especially in
the Intraday Markets [10].

This paper investigates the current structure of the wholesale electricity market in
Greece, accounting for Spot and Balancing Markets. By exploiting the abundance of RES,
Greece aims to become an energy hub supported by cross-border interconnections that
would allow for the export of surplus electricity to neighboring counties. Indicatively,
the share of RES in the electricity mix of Greece skyrocketed to 44.4% from 17.1% in
2014, marking Greece among the first European countries to lead the installation and
exploitation of renewables. In that context, the focal role of Greece in the southeast region
is reflected in the projections of the “National Energy Climate Plan” (NECP), with installed
capacity of RES reaching more than 27 GW by 2030. In this setting, the lack of energy
storage units in the system makes Greece an appropriate case study to review the recent
developments in terms of market design by highlighting all the recent initiatives to support
their implementation in the electricity mix.

Considering this, the inverted supply—demand relationship that is apparent in the
Greek wholesale electricity market is seeking means of storage to exploit the remaining
and curtailed renewable energy. Eventually, this would instantly lower the price volatility
and smoothen the price curve during the day. As Greece has yet to implement storage
technologies, combined with the saturation of non-dispatchable RES in the electricity sys-
tem, utilizing them in a price optimization manner would facilitate the system'’s flexibility,
thus lowering price volatility [11,12]. Our analysis put under scrutiny the formation and
function of both spot and balancing markets by highlighting the key challenges and reforms
to be addressed in the following period. Empirical evidence reveals that the domestic mar-
ket is currently in accordance with the European Target Model; however, the anticipated
benefits in terms of more competitive prices are not evident yet.

The remainder of this paper is structured as follows. In Section 2, we review the
literature related to the function of the wholesale electricity market in Greece. In Section 3,
the current structure of the spot market in Greece is analyzed. The next section reviews the
function of the Balancing Market and highlights the existence of non-compliance charges
along with a discussion on the Balancing Capacity Market (Section 4). Finally, in Section 5,
we conclude and provide directions for future research.

2. Literature Review

The liberalization of the energy market in Greece began in the late 1990s, implemented
by the EU to create a pan-European Energy Market, resulting in a robust and resilient
energy system. The liberalization began through the smooth introduction of various energy
packages, consisting of EU directives and regulations. The First Energy Package consisted
of Directive 96/92/EC and Directive 98/30/EC, established in 1996 and 1998, respectively.
These directives introduced common rules for the internal market regarding electricity and
natural gas (NG) and were active from 1998 to 2003, while establishing the right of Third-
Party Access and operational unbundling. Under those directives, national regulatory
authorities took the role of market supervision, monitoring compliance and regulation of
the electricity supply.

The Second Energy Package extended prior directives by introducing Directive
2003/55/EC, which granted access to cross-border NG transmission networks. Regu-
lation (EC) No 1228/2003 established conditions to the network for cross-border exchanges
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in electricity. Specifically, these changes were issued to set technical rules for access to
the transmission network, capacity allocation and congestion management. In that con-
text, Ref. [13] investigated the cross-border electricity trading in Southeast Europe with
respect to the Internal European Market. Next, the Third Energy Package, which took
place from 2009 to 2019, consisted of Directive 2009/72/EC, Regulation (EC) No 714/2009
and Regulation (EC) No 713/2009, which established the Agency for the Cooperation of
Energy Regulators.

The Fourth Energy Package added Regulation (EU) 2019/943 and Directive (EU)
2019/944. The new framework established common rules for the internal wholesale
electricity market, aiming at a competitive and robust market, while integrating renewable
energy and removing barriers to cross-border trading. In 2021, the Fifth Energy Package was
established, also named “Fit for 55”, setting targets for 2030 towards decreasing greenhouse
gas (GHG) emissions by at least 55% compared to 1990 levels and achieving climate
neutrality by 2050. An early investigation on the electricity sector in Greece accompanied
by the initial reforms to liberalize the wholesale market is provided by [14]. The author
identified a couple of key pending reforms to boost the liberalization process, for instance,
transparency in pricing formation, promotion of competition, unbundling of transmission
networks and introduction of a regulatory framework aligned with European guidelines.
Next, Ref. [15] outlined an overview of Greece’s wholesale electricity market with emphasis
on ancillary services. Since then, the developments recorded in the wholesale electricity
market of Greece have been fundamental.

To begin with, one important milestone considering the liberalization of the domestic
market during the past decade was the transformation of the state-controlled electricity
firm, Public Power Company (PPC), under a period of severe financial and economic crisis
in Greece [16]. For about 50 years, the electricity sector in Greece has been structured
under a monopolistic model, where the state-owned and vertically integrated PPC was
granted exclusive rights as regards all electricity activities [14]. The gradual transition from
this dominant model towards a more liberalized one along with the penetration of RES
initiated in 2010.

At that time, the EU’s commitment to achieving a reduction in greenhouse gas emis-
sions, increasing the share of RES in the final energy consumption and improving energy
efficiency led also to the acceleration of domestic policies towards the support of RES. In
parallel, empirical findings identified increased levels of acceptability of renewable energy
applications by the Greek population [17,18]. In this framework, Ref. [19] investigated the
effect of solar and wind power generation with respect to volatility of wholesale electricity
prices in the Greek electricity market from 2012 to 2018. The authors argue that renewables
in general lead to decreased price volatility, while wind power tends to increase it, and
solar power tends to decrease it. Furthermore, according to their findings, during peak
hours, wind and solar power generation tend to decrease price volatility.

Next, aiming to achieve a smooth energy transition, along with increasing the share of
RES in the energy mix, the EU proposed the Target Model mainly focusing on the electricity
mix. Prior to the launch of the Target Model, a Day-Ahead Mandatory pool was established
including the following processes: Day-ahead scheduling, Dispatch scheduling, Real time
dispatch operation and Imbalances settlement. By 1 November 2020, the Target Model was
introduced in the Greek market, setting a key milestone for the market reform in Greece.
The transition replaced the Mandatory Pool model, aligning Greece with the EU framework,
working toward a single EU Pan-European Hybrid Electricity Market Integration Algorithm
(EUPHEMIA) [20]. In that context, Refs. [21,22] provide optimization approaches to balance
short-term and long-term decision making on energy planning. Consequently, regarding
the Greek power generation system, a plethora of papers have analyzed the optimal long-
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term energy planning and the incorporation of the EUPHEMIA algorithm [23-27]. In that
context, a recent paper by [28] presents an investigation into a novel multi-energy trading
market model, which is based on the concept of matching prices.

Under the newly established framework, the Target Model consists of four distinct
markets, the Forward Market (FM), the Day-Ahead Market (DAM), the Intraday Market
(IDM) and the Balancing Market (BM) (Figure 1). The EU Member States that have adopted
the Target Model have a Single Day-Ahead Coupling mode (SDAC), while the Intraday
Market is gradually being coupled on a pan-European level. Continuous Intraday Trading
or Single Intraday Coupling (SIDC) is in almost full force among most EU member states.
Furthermore, Greece is directly coupled with the Italian and Bulgarian electricity markets,
giving access to other coupled EU countries.
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Figure 1. Target Model structure in Greece.

The main institutions in the formation of the Target Model include the Independent
Power Transmission Operator (IPTO), the Hellenic Energy Exchange (HEnEx) and the
Clearing House (EnExClear). EnExClear acts as the Clearing House both for the Day
Ahead and the Intraday Markets, intervening among the counterparties of the settled
transactions, assuming the role of buyer to each seller and the opposite. The Clearing
House is responsible for the financial settlements and transactions, to reduce credit risk
for the market. The Clearing Members, following the Clearing Regulations, are split into
two categories, Direct Clearing Members that are Market Participants (MPs) who may
only clear their own transactions and positions, and General Clearing Members who
are Financial Institutions that undertake the clearing of the position and transactions of
other participants.

Finally, considering the Derivatives Market, which was established in March 2020,
ATHEXClear is responsible for clearing all transactions and acting as a Central Counterparty.
For the efficient supervision of the legal structure, overseeing the daily function of the
markets are the Regulatory Authority for Energy, Waste and Water (RAEWW) in Greece and
the Hellenic Capital Market Commission (HCMC). As Figure 2 illustrates, operators of the
power system also include Hellenic Electricity Distribution Network Operator (HEDNO),
acting as the Distribution System Operator (DSO) and the Operator of RES and Guarantees
of Origin. Eventually, in 2022, the Target Model came into full force in Greece, implementing
the final step of the BM and the non-compliance charges for BM responsible parties.
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Figure 2. Main institutional entities and operators of the Greek power system.

3. Spot Market Analysis
3.1. Power Exchange

In line with [1], a Power Exchange (PX) refers to a competitive wholesale trading
facility designed for the exchange of energy commodities like electricity and natural gas.
All PXs share a similar structure with common rules and operating mechanisms. A power
exchange serves as a centralized platform characterized by standardized attributes, princi-
ples, regulations, quality benchmarks and transaction terms for energy-related financial
product trading. This marketplace is a central electronic auction platform connecting buy-
ers and sellers through fully transparent rules and procedures, with the main task matching
demand and supply, and continuously determining a Market Clearing Price (MCP).

3.2. Day Ahead Market

The DAM refers to transactions occurring the day before physical delivery. The
procedure allows market participants and the TSO to arrange a balanced timeframe of the
physical aspects of the delivery (Figure 3). The orders are submitted one day before the
delivery day with hourly time units and refer to the market schedule. Based on the assessed
load for that hour and the prices of the technologies offered, the MCP is calculated. At
the DAM closure time, in each market schedule, generation should be equal to estimated
demand, respectfully to the interconnection balance, considering net imports and exports
of electricity. When the balance is secured, offers that are above the balance are declined,
while priority is given on a first-come first-served basis respectfully to the lowest price.
When submitting an order, each participant submits a balanced portfolio (nominations) to
the system operator, providing information on generation or forecasted consumption in
each market schedule (time unit) [23].

In DAM, only electricity products with physical delivery within the Hellenic Trans-
mission System Bidding Zones are traded. The eligible products, supported by the Price
Coupling Algorithm, are in accordance with Article 40 of Regulation (EU) 2015/1222 by a
joint proposal of Nominated Electricity Market Operators (NEMOs), and are in line with
the available Buy and/or Sell Orders. Additionally, bilateral Over the Counter (OTC)
trades are taken into consideration as volumes in the DAM, but their prices can remain
undisclosed, while they do not affect the final MCP. Figure 4 illustrates the traded volumes
in the Day-Ahead market of HENEX from 2021 until 2024, reflecting the constantly rising
demand for electricity (24% slope) along with the apparent electrification trend since 2021.
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Figure 3. Power exchange market design in Greece.
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Figure 4. Traded volumes in the DAM of HENEX (1 January 2021-31 December 2024).

As Figure 5 depicts, even though DAM prices during 2024 are significantly lower
compared to 2022, they are still higher compared to the respective levels during the im-
plementation of the Mandatory Pool (2007-2019), supporting the argument of increased
electricity prices since the introduction of the Target Model in Greece. Considering price
volatility, as expected during evening hours, an upward trend is evident. Interestingly, as
illustrated in Figure 6, during 2021, we observe increased levels of volatility compared to
the following years.

OTC trades and contracts with obligation of physical delivery, taking place in the
FM, can use DAM for fine-tuning. One of the main objectives for the EU is the adoption
of a single pan-European cross-zonal DAM for electricity. The goal is to increase overall
efficiency by promoting competition, increased liquidity and enablement of more efficient
utilization of generation resources across Europe [29]. SDAC was initiated in 2014 by
NEMOs and TSOs in the framework of Capacity Allocation and Congestion Management,
enabling cross-border trading through implicit auctions for next-day power delivery.
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Figure 6. Price volatility in DAM.

In February 2014, the “first go-live” took place, including Belgium, Denmark, Estonia,
Finland, France, Germany, Austria, United Kingdom (UK), Latvia, Lithuania, Luxembourg,
the Netherlands, Norway, Poland, Sweden, Portugal and Spain. A couple of months
later, in November 2014, Czech Republic, Hungary, Romania and Slovakia joined the
initiative. In February of 2015, Italy and Slovenia coupled. Next, in 2018, Croatia and
Ireland coupled, while the German—Austrian bidding zone split into two separate ones [30].
The Greek DAM has been integrated into the pan-European DAM since December of 2020,
through the Greek-Italian border, with Bulgaria joining later in May of 2021, through
the Greek-Bulgarian border. Across this coupling of regions, it was made possible to
implement implicit capacity allocation on each border. Nevertheless, in the same year, the
UK decoupled from the EU, almost one year after Brexit.

3.3. Intraday Markets

Following the completion of DAM, the IDM allows participants to correct the sub-
mitted positions in DAM as the time of the physical delivery approaches. This can be
especially useful when there are changes in the energy demand, power plant availability,
or changes in the non-dispatchable RES plant forecast, as short-term forecasts are more
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accurate for RES plants. The IDM allows participants to submit buy or sell orders on the
day of physical delivery, after the gate closure of the DAM. Results for the FM and DAM
are considered, as well as the BM restrictions. As for the case of DAM, there is no guarantee
that the submitted orders will be matched and thus executed [31].

Until September 2021, the Greek IDM performed in three local intraday auctions
(LIDAs), as it was not yet coupled in intraday terms with neighboring markets, since
the cross-border capacity was not recalculated after DAM. In September of 2021, the
Greek and Italian IDMs were coupled, initially through complimentary intra-day auctions
(CRIDAS). On 13 June 2024, Intraday Markets (IDAs) took their place via the SIDC. During
the execution of IDAs and until the results are published, the coupled borders included
in IDAs are paused and all orders in IDAs are verified and validated. Results of IDAs
comprise the acceptance status of each order, a single net position for each bidding zone
and market time unit as well as the MCP for each time unit. After publication, the results
are forwarded to the Clearing House-EnExClear. As depicted in Figure 7, similarly to
the case of DAM volatility, the three Intraday Markets follow identical patterns to 2021,
maintaining increased levels compared to the following years.
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e ) ()2 ] ()22 —)()2 ] e—2(22 ) ()2 | em—1()22
2023 2024 2023 2024 2023 em—12(024
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Figure 7. Price volatility of intraday markets (2021-2024).

In a similar manner to SDAC, the EU’s plan is for all member states to adopt the XBID
project (Cross Border Intraday). XBID was established in 2018, aiming to construct a single
EU cross-zonal intraday electricity market, where market participants can trade electricity
continuously. SIDC is constructed on a common system with a Shared Order Book (SOB),
a Capacity Management Module (CMM) and a Shipping Module (SM) (Figure 8). The
benefit of a common system means that market participants from different coupled regions
can match their orders with complementary orders, if the available transmission capacity
allows this act. In such cases, order matching results in implicit capacity allocation and
the SOB and CMM are updated immediately, while the trading principle remains the
same. Updating the SOB means matched orders are removed and the available capacity
is updated in the CMM. The number and location of the borders where the capacities are
updated follows the cross-border flows of the matched orders [32].

The initiative of an integrated intraday market serves the purpose of increasing market
liquidity and thus the overall efficiency of intraday trading. Liquidity increase refers to
orders that did not have a chance to match prior to integration and since the adoption of
XBID, facing greater probability in matching an order. With the overall growth of RES,
the interest in intraday trading has increased, as it is rather challenging for RES producers
to remain balanced after the closing of DAM. Holding a balance closer to the delivery
time is beneficial for all MPs, and for power systems alike. This is of particular interest
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for RES aggregators, which constantly try to minimize their deviations, and thus the non-
compliance charges. The intraday solution supports both explicit and implicit continuous
trading, while being in line with the EU Target to unify all EU power exchanges into one.
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Figure 8. SIDC matching solution architecture.

The SIDC’s CMM in the most basic form consists of the Market and the Delivery Areas.
The Market Area represents a “price area” in the delivery grid, containing one or more
Delivery Areas, and the transport capacity between Market Areas is subject to congestion.
The Delivery Area represents an area in the delivery grid and is managed by the respective
TSO. Order entry takes place into the Delivery Area, meaning a commodity is received
or delivered. The Delivery Area is a subset of the Market Area, as seen in Figure 9. In
SIDC’s CMM, apart from the Market and Delivery Areas, the role of interconnectors and
borders is crucial. An interconnector is the connection between two Delivery Areas, while
a Border is a connection between two Market Areas. An Interconnector is implied to have
a separate configuration. The configuration includes characteristics such as opening and
closing time, capacity resolution along with default capacity and validation. At the same
time, a common configuration per Border is essential. A broader schematic of the CMM

Market 2 \

Delivery Area 3

configuration is depicted in Figure 10.

/ Market 1 \ /

Delivery Area 1

Delivery Area 2 Delivery Area 4

\_ ) \C /

Figure 9. CMM Market and Delivery Areas.

On 13 June 2024, Intraday Auctions were introduced to EU member states that have
already adopted the SIDC. In the case of Greece, CRIDAs have been replaced by IDAs. IDAs
allow for the accumulation of offers and efficiently allocate scarce transmission capacity,



Energies 2025, 18, 2575

10 of 22

compared to continuous intraday trading, where allocation takes place on a first-come
first-served basis. The purpose of IDAs is to harmonize the computation of cross-border
capacity and assign a price to that capacity concurrently with its allocation and determine
the price of cross-border capacities that can be realized through XBID [33]. Ultimately,

IDAs further strengthen the competitiveness of EU electricity markets, trading, and supply
through Regulation (EU) 2015/1222.

@ Delivery Area
Market Area

— Interconnector
Border

Figure 10. CMM schematic.

Figure 11 illustrates the waves that took place in terms of the SIDC for each country.
As for the case of Greece, SIDC run through the XBID live platform allows for more freedom
and flexibility for a more accurate trade, especially for RES aggregators [34]. During the
continuous trading, participants can submit buy and sell orders for all market schedules,
with time unit of 60 min. Initially, it was expected for 15 min time units to be introduced in
Greece during 2023, though it is estimated to be accomplished by June 2025.

While XBID provides a platform for continuous trading, IDAs provide a mechanism
for allocation and pricing cross-border capacity in the intraday markets via the EUPHEMIA
algorithm. The IDA solution is organized as an implicit auction; orders are matched, and the
cross-zonal capacity is instantly allocated for different bidding zones. All valid submitted
orders for the respective auction are taken into consideration, and a clearing price for the
specific bidding zone is determined. It is not possible to simultaneously allocate cross-zonal
capacities for IDAs and XBID. To resolve this issue, the XBID orders are suspended for a
limited period of 20 min before and after the Gate Closing Time (GCT) of IDAs. The GCT
as well as the allocated period for IDAs and DAM, along with the suspension intervals of
XBID, are shown in Figure 12.

For the case of Greece, Gate Opening and Closing Times for IDAs remains the same as
they were formed in CRIDAs. XBID and IDAs are closely affiliated. The only XBID module
affected is the CMM; the remaining two modules remain non-functionally impacted. XBID’s
CMM serves as a connecting link between the TSO of the country and the NEMO’s IDA
trading solution. Pre-coupling, XBID’s CMM is used as a source of network constraint data
for the IDA; this is needed to determine the available capacity per region, and after that,
in the coupling phase to validate the IDA results (allocated capacity does not exceed the
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network constraints). Regarding the DAM results, they are provided by the NEMOs to the
EUPHEMIA algorithm via PMB (Price Coupling of Regions (PCR) Matcher and Broker)
and the PCR along with the allocated capacities are provided to the IDA platform. The
PMB service provides anonymized orders and electricity network constraints. Data are
distributed along all PXs, to calculate bidding zone prices, along with other reference prices
and net positions for all bidding zones.

1t Wave 20d Wave 31d Wave 4th Wave
Austria
Belgium
Denmark
Estonia
Finland
France
Germany
Latvia
Lithuania Bulgaria
Luxembourg Croatia
Norway Czech Republic
Netherlands Hungary
Portugal Poland
Spain Romania Greece
Sweden Slovenia Italy Slovakia
November 2019 November 2022

June 2018 Septemlber 2021
|

\ 4

Figure 11. SIDC country introduction.
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Figure 12. Trading periods in different markets of the Target Model.

IDA results are submitted back to XBID’s CMM in the form of allocation requests. In
case the flows coming from IDA are compatible with the CMM data, they are accepted, or
else they are denied. The back and forth transferring process is made available by imple-
menting the IDA Central Interface Point (CIP), developed specifically for IDA operations;
both NEMOs and TSOs have access. IDA CIP is a solution to work between NEMO'’s
system and XBID’s CMM. Functionalities include data transfer between the two platforms,
processing of the data received from XBID’s CMM and giving the processed data to NEMOs,
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Regional Post-
Coupling System

accepting the resulting data from NEMOs after the IDA GCT and transferring back these
data to XBID’s CMM, while ensuring consistency between the platforms. Notably, IDA
Local Trading Solutions could potentially be the same as in the Day-Ahead auction with
small adaptations for the IDAs, or completely new, depending on the NEMO in each
instance. The high-level architecture is provided in Figure 13.

Scheduling /W

TSO

Capacity
information

DAM results—
PCR EUPHEMIA
PMB
Resulting flows DAs Trad IDA results
s Tradin
XBID platform Solution & Market Party
Available Capacity Order Book

information (OBK)

Figure 13. High-level architecture of IDA data transferring.

3.4. Calculation of Market Clearing and Market Coupling

Following Gate Closure, for the DAM and the IDMs, respectively, the algorithm for
calculating the MCP is set into action. The submitted buy and sell orders should have
information on volume and price, in the relevant price ranges of the auction, determined
by EnExGroup. The Buy-Orders establish the demand curve in the PX, while the Sell-
Orders establish the supply curve; these two refer to the aggregation curves for each market
schedule of the following day. The MCP reflects the demand and supply, serving interest for
both curves. As illustrated in Figure 14, the interception point of the two curves determines
the MCP and the Market Clearing Volumes (MCVs). For each market schedule, there is a
unique MCP and MCYV, both applying for Buyers and Sellers. This price is never higher
than the price fixed by the buyer or lower than the price fixed by the seller. The MCP is
determined in a pay-as-cleared manner, meaning that all sellers with accepted orders no
matter the submitted price will get paid the MCP, as during these auctions, the buyers and
sellers are not matched one-on-one but rather in an aggregated manner.

A
Price

(€/MWh)

MCP

Demand MWh

MCV Quantity
(MWh)

Figure 14. Supply and demand aggregation curves.

Market Coupling (MC) is a way to join and integrate energy markets from different
regions into one single coupled market. As such, buy and sell transactions are possible
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Price
(€/MWh)

through different areas, while benefiting from more attractive prices. The main benefit of
MC is the improvement of the market liquidity combined with less volatile electricity prices
via healthy competition, price convergence, mitigation of market power abuse and granting
easier access to the market for smaller participants [20]. In Figure 15, the advantages of
MC can be observed. Quantities from Market A that would not be otherwise realized
in this market could be partially or even completely exported to Market B. On the other
hand, Market B has access to lower prices due to imports from Market A. The EUPHEMIA
algorithm was developed to solve the problem of coupling of the DAM markets in the PCR.
Market participants submit their orders to the respective PX; these orders are collected
and submitted to EUPHEMIA. Next, it is up to EUPHEMIA to decide which orders are
to be executed and which to be rejected. The main objectives of EUPHEMIA include
maximization of social welfare generated by the executed orders and optimization of the
capacity of the relevant network elements [35].

Market A pice | Market B

(€/MWh)

Sal €o //
Purchase

Import
Purchase, !

Export

Qa Quantity Quantity
(MWh) (MWh)

Figure 15. Market coupling.

EUPHEMIA handles a variety of order types simultaneously as well as their require-
ments, which are available to market participants according to the local market rules.
Such order types include Aggregated Hourly Orders, Complex Orders (Minimum In-
come Condition and Load Gradient orders), Block Orders (Linked Block Orders, Exclusive
Groups of Block Orders, Flexible Hourly Orders) and Merit Orders. The hourly orders
(demand/supply) from all market participants belonging to the same bidding zone will be
aggregated into one single curve, called the aggregated demand/supply curve, defined for
each period. Demand orders are sorted from highest to lowest price, while supply orders
are sorted from lowest to highest price, in the opposite manner to demand orders.

In line with the main principle of the algorithm, Figure 16 shows that any orders that
are in-the-money should be accepted, while orders that are out-of-the-money should be
rejected. Orders that are at-the-money can be either accepted fully, or partially, or rejected.
The algorithm aims at rapidly finding a good first solution and continuously improving it
if possible. Also, all submitted orders of the same type by market participants are treated
equally. Information about the Power Transmission network of each PX provided by the
TSOs is taken into consideration as constraints, meaning that each bidding zone applies
different constraints. Accordingly, all submitted orders in the same bidding zone will have
the same clearing price. EUPHEMIA calculates the MCP for each bidding zone and period
along with the corresponding net position. For this reason, the MCP in the Greek bidding
zone and the MCP for exports are different. Finally, Figure 17 illustrates an overview of the
wholesale market timeframe available in the spot market of Greece.
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Figure 16. EUPHEMIA solution.
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Figure 17. Spot market timeframe.

3.5. Operating Aid for Battery Energy Storage Systems in Greece

The updated NECP includes a target for substantial 3.1 GW battery energy storage
by 2030. A total of 900 MW of Battery Energy Storage Systems (BESS) has been awarded
across the three auctions that have already taken place. The first auction, in August
2023, awarded 411.8 MW across 12 projects (2 MWh per MW), with bid prices ranging
from EUR 33.9 to EUR 64.1 per MW annually with an average of EUR 49. per MW
annually. The subsidy included a one-time capital expenditure (CAPEX) grant of EUR
200,000 per MW. The second auction in February 2024 awarded 300 MW across 11 projects
(again, 2 MWh per MW), with bid prices ranging from EUR 44.1 to EUR 49.9 per MW
annually with an average of EUR 47.6 per MW annually. The subsidy included a one-time
CAPEX grant of EUR 100,000 per MW, which was significantly reduced compared to the
first auction. The third auction in March 2025, awarded 188.9 MW across nine projects
(4 MWh per MW). The subsidy included a one-time CAPEX grant of EUR 200,000 per MW.

The following analysis is in line with the detailed framework published by RAAEY on
the calculation of the operating aid towards BESS in Greece. The intention of the framework
is to incentivize the owners of subsidized BESS to participate in the relevant energy markets
actively and effectively. Policymakers aimed to minimize risk and uncertainty of the
revenue streams of BESS and at the same time ensure minimum technical characteristics
throughout the Contract for Difference (CfD) duration. The duration of each Regulatory
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CfD period is set at 3 full calendar years beginning on 1/1/2026. Operational support will
be disbursed annually from DAPEEP. The incentive scheme, which is designed to last for
10 years, is based on the relative performance of the awarded project within a Group of
other similar Projects (the Reference Group). Both subsidized and merchant BESS with
similar technical characteristics will be part of the same Reference Group. Each subsidized
BESS will be categorized in different Groups based on their minimum guaranteed injected
capacity (MWh/MW). Subsidized BESS from the first two auctions will be part of the same
Groups, while subsidized BESS from the third auction will be grouped separately.

The operational aid (EUR/MW) is equal to the ex ante operating aid plus the ex post
operating aid minus the various penalties due to deviations from technical requirements.

Ex Ante Operating Aid = RR- EMR - EAR + ERL (1)

where RR is the Reference Revenue of each BESS, Estimated Market Revenue (EMR) is
calculated before the beginning of each CfD period by RAAEY, and it is based on different
economic data from IPTO, DAPEEP and HEnEx. Estimated Additional Revenue (EAR)
considers any investment, operational or other type of aid besides the CfD. Estimated
Revenue Losses (ERL) represents any decreases in the net market revenue related to a forced
supply of additional services which may not be provided. Next, the ex post Operating Aid
will be calculated separately for each BESS and year based on the difference between the
Estimated and Actual Group Net Market Revenues plus any Actual Additional Revenues
and Losses. Group Net Market Revenue is considered the sum of each individual BESS of
the Group divided by their accumulated capacity.

Finally, specific technical characteristics will be inspected every 2 years, such as Power
Capacity, Energy Capacity, Round Trip Efficiency, Standby Auxiliary Consumption, Tech-
nical Availability. In the case of any deviations from the standard technical requirements
as per RAAEY’s official call, penalties will be imposed based on the magnitude of the
deviations. Figure 18 below illustrates the BESS incentive scheme under two different
Reference Groups. Furthermore, Figure 19 depicts the scenario of positive adjustment
when reported Group Revenue is lower than the Estimated Revenues and Figure 20 the
negative adjustment, when Reported Group Revenue is higher than the Estimated Revenue.

Monthly paid estimated \

KEURMW
A compensations Scenario A
Reported Group Revenue is lower
than the Estimated Revenues
= positive adjustment
RefRev.1 | P :
=
. &
R RefRev. 2 g
Est | m '  TTTTTgEmTT"" =
«
Group -4---- e e e ) g
Rev =
Lo
Net Rev 2 >
Scenario B
Reported Group Revenue is higher
than the Estimated Revenues =
negative adjustment
Project 1 Project 2

Figure 18. Incentive scheme under two different Reference Groups.
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Figure 19. Scenario A, positive adjustment of operational aid.
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Figure 20. Scenario B, negative adjustment of operational aid.

4. Balancing Market Analysis

Since the introduction of the Target Model, the electricity mix in Greece has changed
significantly. In line with [36], storage units could act as assets and support the further
penetration of RES even in the BM. The operation of the BM is handled by the local TSO,
which is responsible for determining the imbalance settlements for the balancing actions, as
well as the balancing costs that derive from those actions, ensuring a balanced and secure
electricity grid. BM plays an essential role in the PX, especially with the constant integration
of renewable energy into the power grid [37]. For a BM to be efficient, it should ensure
supply at the lowest cost possible, provide real-time system monitoring, while delivering
environmental benefits by reducing the requirement for back-up generation. One of the
core functions of the BM is compensation for the ancillary services provided to ensure a
balanced grid operation.

As for the case of Greece, IPTO is responsible for the operation of the BM. In the same
context, IPTO is responsible for providing sufficient available capacity for the balancing
services for the System and is required to issue the appropriate dispatch instructions
to the Balancing Service Entities. The BM is divided into three individual procedures,
the Balancing Capacity Market, the Balancing Energy Market and finally the Imbalance
Settlement. With the full integration of the BM, the balancing costs were expected to
reduce [38]. Yet according to [39], for the case of Greece, and specifically for RES aggregators,
imbalance costs soared.
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In the Greek BM, apart from the Imbalance Settlement, non-compliance charges are
calculated monthly, based on the certified production data, the corrected Imbalance Prices
and the submitted production. The non-compliance charges use three main indexes with
the respective tolerance limits for their calculations. They are applied to all Balance Re-
sponsible Parties, while the tolerance limits are declared by the TSO based on the size of
the participant. The main difference between conventional units and RES is that, for the
case of the former one, non-compliance charges are applied when the significant imbal-
ances between the measured energy and the corresponding Market Schedules of the same
participant occur systematically.

According to the Electricity Market Code, non-compliance charges are applied:

e  For Conventional Unit Portfolios in case:

@) The normalized absolute deviation in a month m exceeds the tolerance
margin TOLj3 opgy-

@) The normalized RMS value of deviations in month m exceeds the tolerance
margin TOLj4, RmsDEV -

e  For both Dispatchable and Non-Dispatchable RES Unit Portfolios, a third condition
is added

@) The normalized absolute deviation in a month m exceeds the tolerance
margin TOL, oApgy.

O The normalized RMS value of deviations in month m exceeds the tolerance
margin TOLr, RMSDEV -

O The absolute normalized deviation in month m exceeds the tolerance margin

TOL; pEV_NORM-

The first two tolerances for conventional and RES portfolios are the same, but for RES
portfolios, the normalized deviation is also considered.
To calculate those values, we set:
e  The Market Schedule of Participant p for the MTU t: MS,,+;
e  The offtake in MWh that corresponds to the consumers of the Interconnected System
per participant p for the MTU t: MQ,+;
e  Deviation in each MTU t for the participant p.

DEV,; = MSy; — MQy, @)

The tolerances are determined by IPTO. They should be published at least two months
prior to their implementation and are calculated based on the monthly MQ,;. For a
conventional portfolio, NCBALRy, » corresponds to the charge that is implied in case
a significant imbalance occurs in an MTU of month m between the amount of energy
dispatched and the corresponding Market Schedule of the seller p.

For a conventional portfolio, a significant imbalance is considered when:

NADEVNORM '~ TOL, 4pgy (3)

NRMSDEV,, > TOL, ruspev @)

TOL,pgv and TOL, rpspey are determined by IPTO.
Computational method for NADEV), ;:

ADEVym = Y tem|DEVy,| (5)
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is the absolute deviation within the month MTU m.
NADEV, ,, = ~ADEVpm (6)
p Ztem M Qp,t
is the normalized absolute deviation within the month MTU m.
Computational method for NRMSDEV), :
2

RMSDEV,,,, = \/ Y tem(DEVy,) (7)

is the Root Mean Square (RMS) value of Deviations within the month MTU m.
RMSDEVy,m

2
Ztem (M Qp,t)

is the normalized RMSDEV),;; within the month MTU m.
For the calculation of Equations (4)—(7) the understanding of the below values

NRMSDEV,,,;, =

is crucial:

1. UNCBAL4pry is the unitary charge corresponding to non-Compliance Charges to
Suppliers for the normalized monthly absolute deviation.

2. UNCBALRpmspEv is the unitary charge corresponding to non-Compliance Charges to
Suppliers for the normalized monthly RMS value of deviations.

3. TOLj4 apkv is the tolerance margin for imposing non-Compliance Charges on Suppli-
ers for the normalized monthly absolute deviation.

4. TOLjyrmspEV is the tolerance margin for imposing non-Compliance Charges on
Suppliers for the normalized monthly RMS value of deviations.

These quantities are determined by RAE following a proposal by Hellenic Electricity
Transmission System (HETS) Operator.
Computational method of NCBALy, :

(UNCBAL sppy X ADEVy) X (NADEV, ., — TOLyy apev),

NCBALp,m = max (UNCBALRMSDEV X RMSDEVp,m) X (NRMSDEVp,m — TOle, RMSDEV) ’ )

0

For dispatchable and non-dispatchable RES portfolios, additional tolerance is imple-
mented as TOL, pry_norm- The tolerances TOL, spgy and TOL, ryspgy are calculated in
a similar manner as for conventional portfolios.

Computational method for NRMSDE Véf],(,? RM;

2
RMSDEV;Y,SRM = \/ Y tem (DEV]%ORM) (10)
is the Normalized Root Mean Square (RMS) value of Deviations within the month MTU m.
RMSDEVNORM
NRMSDEV M = P - (11)
\/ Trem (MQYPRM)

is the normalized RMSDE Vé\]n? RM within the month MTU m.
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In addition to the above quantities, AN DEV%? RM  the normalized absolute monthly
deviation of RES Units Portfolios in normal operation represented by the Balance Responsi-
ble Party p for month m, also plays a significant role.

DEVNORM
ANDEVNORM — ——— P2 (12)
ZtEm MQp,t

At the same time, additional tolerance is added to the solution in the form of an
additional constraint, where

ANDEV)IRM < TOL, pev_norm (13)
The calculation method for NCBALy :
NORM NORM
NCBALpm = NCBALcy, ™ + NCBALg,, (14)
where,

(UNCBAL ADEV X ADEVggRM) x (NADEVgYmORM —TOL, ADEV),

NCBALEDIM = maxq (UNCBALguspey x RMSDEVNORM) x (NRMSDEVNORM — TOL, pyspey) — (15)

CBAL&ORM = max
p,m

(UNCBALDEV X DEV%RM) X (1—=TOL,pgy), if ANDEVNIRM > TOL, pEvy oy

0

, (16)
0, if ANDEV2RM < TOL,, pEvyora

Furthermore, non-compliance charges do not apply to the Supplier of Last Resort,
as defined in the relevant regulation. The non-compliance charges are only implemented
in Greece, acting as an additional charge to the imbalance charges. The main issue with
the introduction of non-compliance charges is that the power output of non-dispatchable
RES can only be forecasted and estimated, but never accurately predicted. Combined with
the lack of storage technologies, either being short or long term, non-dispatchable RES
portfolio participants are facing huge non-compliance charges.

Another important issue that will become apparent in the following period in Greece
is the electricity storage requirements to support the transition towards high renewable
penetration levels. Currently, IPTO implements the Integrated Scheduling Process (ISP)
for the Balancing Capacity Market. This process aims to compel the required Balancing
Capacity needed in the short term while ensuring the schedule is in line with the techni-
cal constraints of the HETS and the Balancing Service Entities. In practice, IPTO keeps
some capacity reserves for quick response for introducing additional energy generation.
Currently, only conventional quick response plants can be implemented. Another usage
of the reserves is for additional energy consumption during peak RES production hours
with low consumption periods. Essentially, IPTO keeps capacity reserves that can generate
ad hoc the required energy or limit their energy consumption to keep the grid in balance
(ancillary services).

The Balancing Energy Market has the responsibility of determining quantities and
prices for the activation of the Balancing Energy by the Balancing Service Providers, con-
sidering both the Market Schedule and HETS's real-time state. Two main processes take
place in the Balancing Energy Market, manual Frequency Recovery Reserve (mFRR) and
automatic FRR (aFRR). Through the mFRR process, IPTO estimates in close to real time
whether upwards or downwards activation of the mFRR is mandatory. After the type of
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mFRR is determined, relevant Dispatch Orders per time unit (15 min) are issued. On the
other hand, in the aFRR process, real-time automatic Dispatch Orders to the Balancing
Service Entities are issued. This process takes place with a frequency of 4 s, through the
Automatic Generation Control Function.

The determination of entities occurring in the BM is conducted through a bidding
competition for mFRR and aFRR processes, distinctly per direction. Regarding the remu-
neration for entities for the activation of mFRR Energy, which is implemented for purposes
other than balancing, it supports the pay-as-bid principle and considers the activated offer
steps in the related direction, while the reimbursement of entities for the activation of aFRR
Balancing Energy is dependent on upward or downward activation.

e For upward activation, the greater value between the price for upward Balancing
Energy for mFRR and the price of the Balancing Energy Offer for aFRR arranged
by the Balancing Service Entity, matching the quantity of upward Balancing Energy
activated for aFRR.

e  For downward activation, the inferior value between the price for downward Balanc-
ing Energy for mFRR and the price of the Balancing Energy Offer for aFRR arranged
by the Balancing Service Entity, matching the quantity of downward Balancing Energy
activated for aFRR.

Contracted Balance Responsible Parties are assessed. A single Imbalance price per
settlement is established. The calculation process is the weighted average price of the
activated Balancing Energy in the predominant direction (upward or downward) for mFRR
and aFRR for the specific Imbalance Settlement Period. The Settlement Procedures are
issued for the first time one week after real-time procedures and are performed on a weekly
basis. Finally, the Settlement includes Balancing Energy Settlement, Balancing Capacity
Settlement and the Imbalance Settlement.

5. Conclusions

The introduction of the Target Model in Greece was anticipated to enhance cross-
border trading, lead to more competitive electricity prices and lower emissions. Yet, the
huge penetration of RES poses several challenges for the wholesale electricity market, such
as increased price volatility and massive curtailments in generation. This issue is mainly
attributed to the oversaturation of photovoltaic generation bringing prices close to zero
or even negative during daylight hours. In contrast, increased prices are evident during
night hours accompanied by lower production from photovoltaic plants and increased
demand. This inverted supply-demand relationship is seeking means of storage to exploit
the remaining and curtailed renewable energy. Eventually, this would directly lower the
price volatility and smoothen the price curve during the day. In that sense, aiming to
avoid the curtailment of renewable generation, the installation of storage units along with
massive investments in the upgrade of grid interconnection are vital.

This paper provides an extensive overview of the market design and formation of the
Target Model in the Greek wholesale electricity market. Our analysis investigates the spot
market structure by highlighting the architecture of the different markets. Furthermore, the
Balancing Market along with the corresponding non-compliance charges are scrutinized.
Additionally, the foremost contribution of our study is the detailed description of the
recent support mechanism to facilitate the integration of BESS into the system. This is
broadly considered by market participants as a key policy incentive enabling cost recovery
for storage.

Future research should be directed towards the assessment of the regulatory frame-
work to ensure compliance with the EU Directives along with a dynamic sensitivity analysis
on key parameters. Furthermore, related to policy implications, aiming to address grid
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congestion caused by the rapid penetration of RES, a fast-track approval process for new
transmission lines and interconnections should also be considered.
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