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v Trade

This deliverable presents the overall results obtained by TradeRES project from the per-
spective of the application of the market models developed to the different case studies
designed for different scales of electricity trading. It assesses the connection, interaction
and cooperation between the different market scales using (key) market performance indi-
cators.

Building upon previous deliverables of the project, namely, D5.1, D5.2, D5.3, and D5.4,
that examined specific market spatial scales, from local energy communities to nation-al/re-
gional and Pan-European wholesale markets, this report brings these findings together to
assess how different market designs address different market properties and performance
in terms of sustainability, economic efficiency, and variable renewable energy sources inte-
gration. Recognizing that each market scale operates under unique policy settings, assump-
tions, and modeling frameworks, this analysis acknowledges the challenges and limitations
of direct comparisons while drawing broad in-sights into market trends and contrasts

The analysis relies on the TradeRES scenarios—Conservative (S1), Flexible (S2), Vari-
able (S3), and Radical (S4)—which depict varying levels of flexibility, generation capacity
assumptions, and VRES integration. These scenarios provided the foundation for simula-
tions across case studies:

e Case Study A focuses on local energy communities and their decentralized mech-
anisms for peer-to-peer trading and local energy self-sufficiency.

e Case Study B analyzes the Dutch market with emphasis on system adequacy and
capacity mechanisms.

o Case Study C investigates the German market, exploring renewable energy remu-
neration schemes.

e Case Study D examines the Iberian market (Portugal and Spain), known as MIBEL
(Mercado Ibérico de Electricidade), with attention to short-term efficiency and new
designs like the Period-Ahead Market (PAM).

e Case Study E assesses Pan-European wholesale electricity markets under differ-
ent interconnectivity levels.

These case studies employed different optimization and agent-based models tailored to
their specific market contexts, allowing for the evaluation of market dynamics under near
100% renewable power systems. While direct one-to-one comparisons are limited by the
diverse modeling assumptions and regulatory frameworks, this deliverable highlights key
trends and challenges critical for designing resilient and adaptive electricity markets. Key
findings from the holistic analysis with regard to the different case studies include:

Local and wholesale market dynamics:

e Focused on local interactions, local energy markets promote self-sufficiency and
sustainability through mechanisms like peer-to-peer trading and dynamic pricing.
For instance, in Case Study A, consumers saved up to 24% on electricity costs
compared to baseline scenarios by participating in cooperative self-consumption
schemes.
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Operating at a broader scale, wholesale markets optimize system reliability and
cost efficiency. However, their centralized auctions and standardized pricing
structures lack the local adaptability offered by local energy markets.

Combining local energy markets with wholesale markets can harness local
adaptability while maintaining broader system stability. Case studies demon-
strated that such integration could enhance energy resilience and reduce overall
costs. For example, local energy communities participating in wholesale markets
as aggregators achieved 11-13% reductions in electricity bills.

Environmental and economic impacts based on market performance indicators:

Regarding curtailment trends, market-based curtailment emerged as a key chal-
lenge for VRES integration. For instance, in Germany (Case Study C), offshore
wind curtailment reached up to 18%, reflecting the absence of balancing market
participation and specific support mechanisms. Conversely, MIBEL's variable re-
newable energy strategic business approach reduced curtailment to nearly 0%
in flexible scenarios by allocating 20% of variable renewable energy forecasts
to balancing services.

Economic indicators such as market-based cost recovery reveal that demand-
side flexibility and hydrogen prices assumptions were critical determinants of
market performance. In MIBEL (Case Study D), flexible scenarios (S2, S4)
achieved the lowest day-ahead market prices (as low as €23/MWHh in Spain) and
highest cost recovery rates, demonstrating the value of system adaptability.
Regarding cross-case observations, hydrogen prices significantly influenced sys-
tem costs and electricity prices across cases. For example, the Dutch market
(Case Study B) showed that the volume-weighted average day-ahead electricity
prices increases from €39/MWh to €60/MWh due to higher hydrogen costs. Sim-
ilarly, higher flexibility in German scenarios reduced reliance on costly genera-
tion, improving market stability.

New and Alternative Market Design Options:

The novel Period-Ahead Market (PAM) in the MIBEL case study (an alternative
to the well-stablished single day-ahead coupling) demonstrated significant im-
provements in system efficiency, price stability, and reduced curtailment com-
pared to traditional day-ahead markets. For instance, PAM reduced total system
costs by up to 50% in Spain compared to the day-ahead market, primarily by
leveraging improved forecast accuracy and shorter lead times (6 hours vs. 12—
36 hours). In addition to PAM, the MIBEL case study also explored the integration
of intraday and balancing markets. These markets allowed renewable energy
producers to actively adjust their participation, reducing imbalances and associ-
ated penalties while improving renewable energy integration. For example, allo-
cating 20% of variable renewable energy forecasts (in the strategic business sim-
ulations) to balancing services in the MIBEL case showed a marked improvement
in system flexibility and reduced overall curtailment. Besides, cross-border price
differentials decreased by up to 200 hours per year, enhancing market uni-
formity. Thus, the holistic analysis show that PAM's design supported renewable
energy players in recovering costs through diversified revenue streams, reducing
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dependency on conventional support mechanisms like Contract for Differences
(CfD).

e Support mechanisms like CfD remain essential to de-risk investments and stabi-
lize market-based cost recovery for variable renewable energy. However, differ-
ent CfD designs, such as one-way and two-way CfD, introduce trade-offs be-
tween cost recovery, system efficiency, and curtailment levels. For instance, in
the German case, two-way CfD increased curtailment but improved cost recovery
for wind and solar PV. Conversely, production-independent financial CfD showed
promise for reducing system distortions and promoting system-friendly dispatch
patterns. Regarding investment risks, both the German and Pan-European cases
highlighted the importance of aligning CfD strike prices with market realities to
avoid under- or over-recovery of costs. For instance, discrepancies between ex-
ante strike prices and ex-post revenues led to excess recovery in one-way CfD.

Effects of Interconnectivity:

e Interconnectivity between market scales impacts domestic investments, electric-
ity prices, and market-based cost recovery. For instance, regarding domestic in-
vestments, scenarios with reduced interconnectivity led to higher domestic pho-
tovoltaic systems and battery installations in Germany, but increased cannibali-
zation effects on market prices. On the other hand, in terms of pricing dynamics,
in the MIBEL case higher interconnectivity reduced price differences between
Portugal and Spain, contributing to a more cohesive regional market. However,
lower interconnectivity in Germany drove up hydrogen turbine usage, increasing
prices in high-demand scenarios.

It is important to recall that the findings reported in this document, either in each case
study or the holistic analysis, also show the critical role of market assumptions in shaping
outcomes and influencing market performance indicators. These assumptions highlight the
inherent challenges in direct cross-case comparisons and emphasize the need for adaptive
market designs that can accommodate diverse regional and temporal conditions.

Building on these insights, the final remarks of the document reaffirm the importance of
designing nuanced electricity markets capable of balancing local adaptability with system-
wide efficiency. Future work must address several critical areas to refine electricity market
designs and ensure their effectiveness in a near 100% renewable energy landscape. A key
area of focus will be integrating local with wholesale markets to combine the adaptability of
localized systems with the reliability of regional networks. This integration will require further
exploration into operational coordination mechanisms, dynamic tariff structures, and regu-
latory frameworks that incentivize local investments in generation and storage. Examining
the long-term impacts of real-time pricing and cooperative self-consumption on costs and
renewable energy sources integration will also provide valuable insights.

Demand-side flexibility and the evolving hydrogen economy are critical factors shaping
market outcomes, as highlighted by the strong influence of flexibility levels and hydrogen
prices in this deliverable. Future studies should explore mechanisms to enhance demand-
side participation, such as load-shifting technologies and dynamic pricing, while investigat-
ing the interplay between hydrogen production, storage, and utilization in electricity markets.
Understanding the economic viability of hydrogen turbines under different interconnectivity
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and renewable penetration scenarios will be essential for designing adaptive energy sys-
tems.

The novel PAM design demonstrated potential for improving system efficiency, price sta-
bility, and renewable integration. However, additional research is needed to optimize its
design and scalability. Shorter lead times between market closure and delivery, as well as
the application of PAM in interconnected regional markets, could further enhance its effec-
tiveness. Furthermore, integrating PAM with intraday and balancing markets has shown
promising results in reducing imbalances and enhancing renewable energy participation, as
observed in the MIBEL case study. Allocating renewable energy forecasts to balancing ser-
vices significantly improved system flexibility, reduced curtailment, and diversified revenue
streams for renewable energy producers. Similarly, support mechanisms like CfD must be
refined to balance investment de-risking with cost-effectiveness. This includes evaluating
variations in CfD structures and reducing ex-ante forecasting risks to ensure robust perfor-
mance under diverse market conditions.

Interconnectivity emerged as a key factor influencing domestic investments, electricity
prices, and market-based cost recovery. Further research should quantify the trade-offs
between higher domestic investments and cross-border electricity flows under varying lev-
els of interconnectivity. Advanced transmission technologies, such as dynamic line ratings,
could play a significant role in achieving this balance. Additionally, exploring regional coop-
eration mechanisms will help enhance renewable integration and mitigate curtailment, par-
ticularly in areas with uneven resource distribution.

The modeling approaches used in TradeRES highlighted the importance of robust and
harmonized methodologies for electricity market analysis. Integrating comprehensive bal-
ancing market simulations into existing models and harmonizing scenario definitions and
market performance indicators calculations will improve the comparability and reliability of
results. Developing standardized approaches to account for key assumptions, such as hy-
drogen price trajectories and demand flexibility levels, will also enhance the robustness of
future studies.

The insights gained from D5.5 emphasize the need for adaptive market designs that can
accommaodate diverse regional and temporal conditions while supporting long-term sustain-
ability goals. Tools like the Market Design Web-Decision Tool (Subtask 7.3.1 of the project),
together with the different models within WP 4 - Development of Open-access Market Sim-
ulation Models and Tools, will play a critical role in empowering stakeholders to evaluate
and compare market design options. These tools can bridge the gap between research
findings and practical applications, enabling informed decision-making by policymakers,
regulators, and market participants.

Finally, future developments should address emerging challenges such as the increasing
energy demand, the integration of new technologies, and geopolitical shifts that may affect
energy trade and cooperation. By addressing these areas, future work can build on the
foundations laid by D5.5, advancing resilient and efficient market designs capable of meet-
ing the challenges of high renewable sources integration across Europe and beyond.

Together, these efforts will support Europe’s transition to resilient, efficient electricity
markets capable of achieving near 100% renewable integration while balancing economic
efficiency, sustainability, and system-wide stability.
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The transformation of electricity markets to support high shares of variable renewable
energy sources (VRES) requires a new market design, its economic modelling, including
the additional power system flexibility needed to embed large shares of VRES generation.
Within the TradeRES project, various market designs were evaluated across different spa-
tial scales—from local energy communities to national/regional, and Pan-European whole-
sale markets—to study and understand how these configurations and scales can balance
economic efficiency, environmental performance, and renewable integration. These anal-
yses are grounded in four ~ 100% renewable energy power system scenarios designed
within TradeRES project that represent different energy transition paths (see Annex A) -
Conservative (S1), Flexible (S2), Variable (S3), and Radical (S4) - each depicting distinct
levels of flexibility, generation capacity assumptions, and VRES integration. In addition, a
fifth scenario, SO with a 60% VRES penetration, is considered in some case studies as a
departing scenario for reference.

The present deliverable, D5.5 - Comparative analysis of Market Designs, explores the
implications of these market designs and synthesizes a comparative analysis conducted
across case studies and market designs, building upon the implementation and findings
outlined in previous project deliverables: D5.1 (Couto et al., 2021), D5.2 (Helleik Syse et
al., 2024), D5.3 (Estanqueiro, Couto, Algarvio, et al., 2024), and D5.4 (Johanndeiter,
Schmidt, et al., 2024). Each of these deliverables focused on specific market level and
structure documented within designated case studies: Case Study A examines local energy
communities (LECs); Case Study B focuses on the Netherlands market; Case Study C ex-
plores the German market; Case Study D addresses the Iberian Electricity Market (MIBEL),
which comprises Portugal and Spain; and Case Study E analyses the Pan-European whole-
sale market. Each case study is supported by specific methodologies, modelling tools, and
assumptions. Annex B provides the scope of each case study, along with model limitations
and simulation constraints.

The core objective of D5.5 is to provide a structured and systematic analysis of these
case studies, beginning with an overview of each case in Section 2 and a summary of key
results in Section 3. These initial sections serve as a bridge to the detailed comparative
analysis presented in Section 4, where it is assessed market design performance across
metrics including price sensitivity, economic and environmental impacts, and the influence
of interconnectedness on system stability and renewable integration.

Directly comparing these market scales presents certain challenges. Each case study is
based on unique modelling assumptions, tailored market instruments, and specific regula-
tory or policy contexts, complicating direct, one-to-one comparisons. Accordingly, the com-
parative analysis in Section 4 adopts a “high-level” perspective, aiming to contextualize ra-
ther than directly equate outcomes across cases. Therefore, this document offers insights
into overarching trends and contrasts that emerge from varied market designs and ap-
proaches.

In connection with the broader TradeRES project work plan, the work reported here com-
plements other key deliverables written by the end of the project, including D3.5 - Market
design for a reliable ~100% renewable electricity system (Ed. 3), D6.5 - Recommendations
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for market design in a ~100% renewable power system, and the Market Design Web-Deci-
sion Tool (WP7) (H2020 TradeRES project, 2024), each of which addresses different as-
pects of designing markets with high VRES. For instance, D3.5 provides foundational regu-
latory frameworks and strategies for achieving a reliable and cost-effective 100% vRES
system, while D6.5 extends WP5 findings to formulate targeted recommendations for poli-
cymakers, regulators, and stakeholders. Together, these resources establish a cohesive
foundation for developing resilient, effective market designs that support VRES integration
across both local and regional scales.

The following sections thus lay the groundwork for a nuanced understanding of how dif-
ferent market mechanisms may support—or limit—the goals of sustainability, economic ef-
ficiency, and energy resilience across Europe’s diverse electricity landscapes.
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This section provides a brief overview of the five case studies at the core of the
TradeRES project’s comparative analysis (see Table 1). These case studies span different
market structures and spatial scales, from local, national/regional and the Pan-European
electricity markets, each addressing various aspects of VRES integration and market de-
signs. A complete review of each case study, including methodologies, market parameters,
and findings are documented in Deliverables D5.2 Ed. 2 (Helleik Syse et al., 2024), D5.3
Ed. 2 (Estanqueiro, Couto, Algarvio, et al., 2024), and D5.4 (Johanndeiter, Schmidt, et al.,
2024).

Table 1: The TradeRES case studies.
Case Geographical

Study Scope Market Focus Objectives
Local Energy Com-  Decentralized markets with peer-to- Assess LEMs' role in promoting local optimi-
munities (LECs) peer trading and self-sufficiency zation, flexibility, and economic savings
B The Netherlands National market Evaluate_z system gdequacy _and test capacity
mechanisms for high VRES integration
c Germany National market Examine renewable energy remuneration
schemes and market-based cost recovery
MIBEL (Portugal . Analyze short-term market efficiency, VRES
D and Spain) Regional market participation, and new market designs

Pan-European Mar-  Wholesale market across multiple  Study interconnectivity's role in renewable in-

E ket countries tegration and cross-border cooperation

Building upon these case studies, the TradeRES project developed five scenarios to
capture key aspects of future energy systems, differing in their levels of demand flexibility,
VRES penetration, and assumptions about power generation technologies (e.g., thermal
capacity, hydrogen power plants, curtailment). These scenarios, illustrated in Figure Al,
include the Starting Point Scenario (SPS) for 2019 and five future-oriented scenarios: So
(moderate VRES penetration for 2030), and Si through Sa, representing progressively
higher shares of VRES under varying flexibility assumptions by 2050. These scenarios
formed the basis for simulations across national/regional and Pan-European case studies,
serving as critical inputs to model assessments and comparisons.

High level of
sector coupling and 2 flexible $4 radical
demand-side flexibility

Moderate level of
sector coupling and $1 conservative $3 variable
demand-side flexibility

Demand side flexibility

~85% wind + solar + hydro  >95% wind + solar + hydro

S0 base
~65% wind + solar + hydro Non-thermal supply capacity

No sector coupling

N\
@ 2030 2050

— S @ >
Starting Point TradeRES TradeRES
Scenario Scenario Scenarios
(sps) So CHCREAE

Figure Al. Allocation of TradeRES scenarios on the timeline.
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Within the energy systems research, the concepts of Local Energy Communities (LECs)
and Local Energy Markets (LEMs) have emerged as elements in the transition towards
more sustainable, decentralised, and participatory models of energy production, distribu-
tion, and consumption (Tiago Pinto et al., 2021).

The D5.2 — Performance assessment of current and new market designs and trading
mechanisms for Local Energy Communities (Case Study A) (Helleik Syse et al., 2024) ex-
plores the decentralisation process by focusing on LECs and LEMs. These concepts can
enable consumers to produce, consume, store, and trade energy locally, thereby enhancing
energy efficiency and resilience.

The primary objective of this case study is to assess the performance of various market
designs and trading mechanisms within LECs, particularly concentrating on peer-to-peer
(P2P) markets and microgrid trading. This assessment evaluates how local energy produc-
tion and consumption affect local electricity prices by exploring optimal market designs
through simulations and real-world data. The assessment employs a two-stage approach;
the first stage, Centralized Optimization, examines the role of a Market Operator in achiev-
ing optimal LEC operation. The second stage, Decentralized Operation, focuses on Peer-
to-Peer (P2P) trading, comparing Mid-Market-Rate (MMR) and Double Auction mecha-
nisms, and incorporates machine learning to address information asymmetry.

The market designs and trading mechanisms explored within this case study encompass
local-wide, aggregation-wide, and wholesale-wide models to simulate interactions at differ-
ent market levels and assess their impacts on prosumer behaviour, electricity costs, and
market efficiency.

This section briefly presents the national and regional electricity markets case studies,
fully described and analysed within the scope of Task 5.3 of the TradeRES project (and
included in first and second editions of D5.3 (Estanqueiro, Couto, Algarvio, et al., 2024;
Estanqueiro et al., 2022)). The case studies focus on different geographic regions and mar-
ket designs, each offering unique insights into the role of national and regional markets in
the transition toward nearly 100% renewable energy systems.

The Case Study B explores the Dutch electricity market, focusing on system adequacy
in an energy-only market framework with varying degrees of renewable energy integration.
The Case Study C examines the German electricity market, focusing on the impact of dif-
ferent support schemes on vVRES. Finally, the Case study D covers the MIBEL, investigating
market efficiency and integration of VRES in short-term markets.

The Netherlands case study of the TradeRES project addresses the research ques-
tion: “To what extent can an energy-only market with/without VRES targets provide
system adequacy for a 100% RES system by 2030 and 2050?”. In fact, the Netherlands
(Case study B), as part of the EPEX SPOT market, holds a strategic position in Europe due
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to its potential for large-scale offshore wind generation in the North Sea. This positions the
country to accommodate substantial shares of VRES for both domestic and international
electricity demand.

The performance assessment of market designs for the Netherlands was carried out
using two distinct models: COMPETES-TNO and AMIRIS-EMLabpy. COMPETES-TNO is
a power system optimization model that identifies the least-cost energy mix across Euro-
pean countries, generating a reference scenario that represents the optimal benchmark for
the Dutch power system. On the other hand, AMIRIS-EMLabpy, an agent-based model,
simulates new market designs by considering interactions between various market players
under different regulatory frameworks.

In this case study, the results from the COMPETES-TNO model provide an idealized
system configuration in terms of technical and economic performance, which is then com-
pared with the outcomes of the AMIRIS-EMLabpy simulations. This dual-model approach
allows for a comprehensive assessment of how different market design bundles perform in
practice when compared to an optimal power system scenario. By comparing the outputs
of the two models, this case study offers valuable insights into the strengths and limitations
of new market designs aimed at facilitating the integration of VRES in the Netherlands' elec-
tricity system.

The German case study of the TradeRES project addresses the research question:
“Are renewable energy sources (RES) remuneration support schemes needed and if
so, how should they be designed?”.

To answer this question, dispatch simulations are conducted for the German market us-
ing the agent-based market model AMIRIS (Schimeczek et al., 2023). Different support in-
struments are considered for and compared to a situation with no support for vVRES, namely:
i) fixed market premium (MPFIX) with fixed payments on top of market revenues ii) one-way
Contracts for Differences (CfD) with price-variable payments on top of market revenues; iii)
two-way CfD with price-variable payments on top of market revenues and an obligation to
pay back in case of high prices (clawback); iv) capacity premium (CP) with payments per
installed capacity; and v) financial CfD with payments per installed capacity and a pay-back
obligation for revenues generated by a reference plant.

As CfD also play an important role in the Pan-European case study,

Table 2 shows the specifics of CfD considered in the German case study. The table
highlights different definitions of the reference price and permitted directions of payments
for the CfD considered. This will allow for a more accurate differentiation between the CfD
considered in the Pan-European and German case studies.

All considered support schemes are parametrized nearly “optimal” in AMIRIS, ensuring
that vRES operators recover their costs and that excessive rents do not occur. This is done
to guarantee an efficient and effective system for refinancing the necessary investments.

The effects of these support instruments are compared using market performance indi-
cators (MPIs) for different TradeRES’ scenarios with different percentages of VRES and
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degrees of demand flexibility, for 2030 and 2050. These scenarios were obtained using the
Backbone optimization model.

Table 2: Types of CfD considered in case study C.
CfD Unit of payment Reference price Direction of payments

) Monthly country average vRES-specific
one-way Volume (actual infeed) one-way (from state)
market value (before curtailment)

) Monthly country average VRES-specific
two-way Volume (actual infeed) two-way (to or from state)
market value (before curtailment)
Capacity (payment from state)  Monthly country average VRES-specific
financial Volume (production potential; revenues per capacity (before curtail- two-way (to and from state)

payment to state) ment)

The MIBEL case study focuses on addressing the key question: "How can short-
term markets be made more efficient to better integrate short-term vRES fluctua-
tions?". This case study examines the Iberian Electricity Market (MIBEL), which includes
Portugal and Spain, two countries with high penetration of VRES in their power systems.

This case study utilized the Multi-agent System for Competitive Electricity Markets (MAS-
CEM) and Multi-agent Trading of Renewable Energy Sources (RESTrade) simulation tools
to replicate real market conditions and test new market designs. MASCEM models the main
market entities and their interactions in various markets (day-ahead, intraday, etc.), while
RESTrade focuses on integrating VRES into traditional power and reserve markets. Both
tools enabled the study of market bundles, the strategic participation of RES producers, and
the potential for vRES to contribute to ancillary services trading.

To answer the research question, five scenarios were tested, focusing on different per-
centages of VRES and degrees of demand flexibility, for 2030 and 2050. These scenarios
were also obtained using the Backbone optimization model. The scenarios explored two
business strategies designated in the project by “simple” and “strategic” to assess their ef-
ficiency in VRES integration. The definition of these strategies is as follows:

i) simple strategy business simulations consider the social value of water and apply a ran-
dom value to the marginal prices of each technology, according with the values used in
Backbone. This approach consists in a passive participation of vRES players.

ii) strategic business simulations, in addition to previous considerations, 20% of the VRES
forecasts for the Day-Ahead Market (DAM) or Period-Ahead Market (PAM) (Estanqueiro,
Couto, Schimeczek, et al., 2024) is allocated to enable participation in reserve markets.
The remaining 80% of the VRES expected by the forecasts is bid directly in the
DAM/PAM. This approach consists of an active participation of VRES players across
the electricity markets.
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In the MIBEL case study, several market instruments were analyzed to assess the dif-

ferent market designs, strategic participation of VRES in different electricity markets and
their potential role in ancillary services, and TradeRES scenarios for 2030 and 2050. These
instruments include:

Day-ahead Market (DAM): The current market design in Europe, used for single day-
ahead coupling (SDAC).

Period-ahead Market (PAM): A proposed new design that allows for improved VRES
power forecasting, enhancing flexibility and reducing balancing needs. PAM involves
bidding six-hour blocks, with four updates throughout the day.

Intraday Continuous Market (IDM): The Iberian single intraday coupling (SIDC) model,
which provides liquidity challenges for VRES due to the timing of bids. To increase VRES
liquidity, it was assumed to have the bidding and the pay-as-bid mechanisms of the
SIDC with a single clearing time per trading session.

Cross-border power flow validation: Assessed the capacity of overhead power lines
and the market splitting occurrences due to network congestion. For 2030, the actual
conservative seasonal line ratings used by the Portuguese and Spanish system opera-
tors were considered, while for 2050, a dynamic line rating approach is assumed.

Secondary reserves (SecR) and Tertiary Reserves (TR): VRES participation in these
markets was tested, with separate procurement of upward/downward reserves. In
Spain, wind players already participate actively in these markets, while the participation
of solar photovoltaic (PV) is in pilot phases. In Portugal none of the VRES technologies
is allowed to contribute for balancing.

Imbalance Settlement: The Portuguese mechanism was applied in both countries,
passing balancing costs equally to balance responsible parties (BRPS).

Figure 1 illustrates the workflow of the simulations performed in MIBEL case study with

indications of the markets used, the simulators, inputs and outcomes.

DAM/PAM IDM Imbalance
Settlement

Simulator: MASCEM ' Simulator: MASCEM Simulator: RESTrade

Inputs: DAM bids Inputs: IDM orders Input: real-time dispatch,

needs

|

Outcomes: Trading results | Outcomes: Trading results deviations and balancing
|
| Outcomes: Imbalance

1

_ prices -
L
1
1
1
1
' Simulator: RESTrade Simulator: RESTrade
| Inputs: Reserves bids Inputs: Reserves bids
| Outcomes: Trading results QOutcomes: Trading results
Secondary and
Secondary Power , y
Tertiary Energy
Reserves

reserves

Figure 1: Workflow of the simulations performed in MIBEL case study.
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Table 3 summarizes the market bundles studied in each simulation scenario, emphasiz-
ing the distinctions between simple and strategic bidding approaches.

Table 3: Market bundles studied per simulation scenario in the Iberian case study.

Scenario Market Design Simulation designation  Price Strategy Energy Strategy
DAM + SecR + IDM + TR SO0_DAM_Simple
Simple Not Applicable
PAM + SecR + IDM + TR S0_PAM_Simple
SO

DAM + SecR + IDM + TR SO0_DAM_Strategic

PAM + SecR + IDM + TR SO0_PAM_Strategic

S1 S1_DAM_Strategic
Strategic v
S2 S2_DAM_Strategic
DAM + SecR + IDM + TR
S3 S3_DAM_Strategic
S4 S4_DAM_Strategic

The Pan-European case study focuses on identifying drivers of market prices and prof-
itability of VREs in different scenarios of the future Pan-European short-term electricity
wholesale market. Applying the energy system optimization framework Backbone, four main
scenarios that vary in terms of three scenario dimensions are optimized: (i) the degree of
coupling of the hydrogen and power sector as defined by the import price of hydrogen, (ii)
the level of demand-side flexibility of the personal traffic and building heat sector, and (iii)
the market penetration of VRES. They range from a conservative scenario, with moderate
levels of VRES market penetration, demand-side flexibility and hydrogen sector-coupling,
to a radical vision with high levels of these three characteristics (see details in Annex A).
Further scenarios that alter each scenario dimension in an isolated manner were optimized
to identify it impact on market dynamics and price formation as well as profits and costs of
different market actors. As a sensitivity, cross-border transmission capacities are varied.
Table 4 and Table 5 depict the main varying scenario assumptions.

Table 4: Overview of varying assumptions of TradeRES main scenarios including sensitivities.

Conservative Flexible Variable Radical tr::s- trir::-s- trest:s- tresl:s-
(SD) (52) (S3) (S4) fer- fer+ fer- fer+
VRES
85% 85% 295% 295% 85% 85% 295% 295%
Share
EVs 50% 100% 50% 100% 50% 50% 100% 100%
flexible flexible flexible flexible flexible flexible flexible flexible
100% 100% 100% 100%
HPs 100% flexible +0fuel 100% flexible + 100% 100% flexible flexible
flexible . flexible fuel flexible flexible + fuel + fuel
boilers : . .
boilers boilers boilers
H. Price 45 117 45 117 45 45 117 117
2 €/MWh €/MWh €/MWh €/MWh €/MWh €/MWh €/MWh €/MWh
Transmission 2050 2050 2050 2050 -50% +50% -50% +50%
capacities assumptions assumptions assumptions = assumptions = per line per line per line per line
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Table 5: Overview of assumptions to study isolated scenario changes and CfD.

Base VRE| H,Pricet Flex Target
VRE share 295% 85% 295% 295% 295%
) ) ) 100% 100%
EVs static static static
flexible flexible
. . . 100% flexible )
HPs static static static + fuel boilers static
H, Price 45 €/ MWh 45 €/MWh 117 € MWh 45 €/MWh 45 €/MWh

1 per bidding zone
Wind onshore type 82) 1 perBZ 1 per BZ 1 per BZ 2 per BZ
BZ

Based on the conclusions on profitability of VRES, the case study also examines a mech-
anism to mitigate their profit risks, i.e., governmental CfD. Governmental CfD stipulate pay-
ments between the contract parties defined by the difference in an ex-ante determined strike
and an ex post realized reference market price. Within the study, different design options of
CfD were evaluated that consider different definitions of the reference price and allowed
directions of payments. Assuming them to be issued to two types of wind onshore power
plants by bidding zone in a competitive auction, the optimal strike prices were derived based
on specific market expectations and were implemented in the optimization model. The CfD
types considered are summarized in Table 6. Like the Germany case study (cf. Section
2.2.2), this case study examines a One-way, Two-way and Financial CfD. However, the
reference period for the reference prices of these CfD types is one year in contrast to one
month. Additionally, a Basic CfD was also considered, with reference price defined as the
hourly spot market price.

Table 6: Types of CfD considered in case study E.

CfD Unit of payment Reference price Direction of payments
Basic Volume Hourly spot market price Two-sided
One-way Volume Yearly average wind market value by country One-sided
Two-way Volume Yearly average wind market value by country Two-sided
Financial Capacity Yearly average revenues per capacity by country Two-sided

The case study applies an optimization model of a fully decarbonized European power
system that covers the entire European Union except for Malta, but including Norway, Swit-
zerland and Great Britain. On the power supply side, the model allows the implementation
of a policy target for a certain share of annual electricity demand to be covered by variable,
non-thermal renewables, i.e., solar, wind and hydro power. Besides conventional, static
electricity demand, the demand side includes the industrial H» sector, the personal road
traffic sector and heating and cooling demands for buildings. While personal road traffic
only covers demand by electric vehicles, H, and heating demand can be covered either by
electricity conversion via electrolysers or heat pumps, or alternative renewable fuels. Fur-
thermore, the model includes battery, hydro and H; storages.
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This section presents a selection of key results from each case study, highlighting the
main findings on market design performance and outcomes across market contexts. The
focus is on summarizing critical insights into the operation of local energy communities,
national and regional markets, and the Pan-European wholesale electricity market.

The results highlighted here offer a high-level view and are intended to support the com-
parative analysis that follows. For readers interested in a more comprehensive exploration
of these results, along with detailed analyses, please refer to TradeRES D5.2 (Helleik Syse
et al., 2024), D5.3 (Estanqueiro, Couto, Algarvio, et al., 2024), and D5.4 (Johanndeiter,
Schmidt, et al., 2024), which document the complete findings for each case study and its
impact on several dimensions, technical, economic, social and environmental.

This section presents an overview of the different models used in assessing the Local
Energy Communities and Local Energy Markets, which have been the subject matter of this
case. Local Market Performance Indicators have been explicitly defined, and in specific
instances, they facilitated comparisons. For the simulation needs, this case study defined
the Local-wide, Aggregation-wide, and Wholesale-wide environments whilst utilising mod-
els for quantitatively assessing the impact of the local coalition formations and/or the local
trading. These modelling approaches are not unified but aimed to explore a wide variety of
aspects of the problem by setting different analysis barriers and different research ques-
tions. Among the outcomes of this case study are the insights into how these local structures
support economic performance, system flexibility, sustainability, and social welfare across
different scales of energy interaction. Figure 2 presents the different market levels and
shows the position of local energy markets within the wider environment.

=

Micro-generators

(B

Flexible Consumers
=

Energy Storage

’ . [ Local energy
market
Energy Community

e,

Figure 2: depicts the interactions within the LEC, showing micro-generators, flexible consum-
ers, and energy storage linked to LECs. It illustrates the connections between prosumers, suppli-
ers, retail markets, and their integration with the wholesale market through aggregators.

Retail market
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The Local-wide models, focus more on the narrow environment that is defined within
local markets and communities and involves prosumers interactions. These models man-
age to capture some of the direct benefits for communities, indicating the electricity cost
reductions that can be achieved under communal planning, optimized tariffs, strategic local
generation use, and active local market participation. Mechanisms like P2P trading and
further flexibility utilisation (e.g. demand-response) improve local system flexibility, enabling
LECs to adapt to demand-supply fluctuations and achieve better economic performance
whilst supporting the grid. This adaptability strengthens the reliability and sustainability of
local energy systems.

The Aggregation-wide models focus on the collective benefits that arise from coordi-
nated interactions among LECs and their integration with retail market structures. Strategic
resource aggregation allows for favourable tariff negotiations, efficient shared investments,
and significant cost savings. This approach promotes social welfare by distributing eco-
nomic benefits equitably, advancing renewable energy adoption, and encouraging fair pric-
ing. Aggregation also enhances local sustainability by reducing external energy depend-
ence and supporting carbon-neutral goals. Competitive market dynamics emerge as sup-
pliers respond to aggregated LEC market power with better pricing and services. Effective
market competition is also a notable outcome at this level, as the aggregated market power
of LECs encourages suppliers to offer competitive pricing and enhanced services to attract
participants.

At the wholesale-wide level, models reveal how LECs, mediated by aggregators,
achieve cost reductions through strategic participation in day-ahead and intraday markets.
Access to wholesale prices, typically lower than retail tariffs, improves financial outcomes
for LECs. Aggregated bidding enables smaller communities to harness economies of scale
and reduces imbalance costs through accurate forecasting and energy management. These
benefits enhance financial performance, distribute economic gains more broadly, and in-
crease equitable access to wholesale markets.

The findings from the models highlight the substantial benefits of effective, context-spe-
cific market designs for LECs. Local-wide models evaluate clearing mechanisms and find
the double auction to be of better performance when participants behave strategically. Ag-
gregation-wide models indicate the significance that the retail markets and tariffs play in the
performance of local structures. At the same time, the local structures enhance competi-
tiveness and shift welfare towards asset owners, supporting the concepts of energy democ-
ratization. Wholesale-wide models reveal financial gains and improved market integration
when LECs patrticipate strategically in larger-scale energy markets.

To evaluate the performance of local structures, Local Market Performance Indicators
(LMPIs) were defined, in some cases by tailoring MPIs defined for the other case studies
and in others by introducing new metrics. Key LMPIs include Local Energy Neutrality (LMPI
#1), measuring the ratio of local production to consumption; Nodal Consumption (LMPI #2),
reflecting demand met by local renewable generation; Import-Export Ratio (LMPI #3), bal-
ancing external energy reliance; Total Local Costs (LMPI #4) and Levelized Local Costs
(LMPI #5), assessing cost efficiency; and Local Autarky (LMPI #6), indicating energy self-
sufficiency. These metrics have been utilized in certain cases for comparison while
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constitute a preliminary framework for assessing the economic and operational resilience
of local structures like LEC and LEM.

Simulation results indicate that LECs can significantly reduce electricity costs through
P2P trading, flexible consumption, and cooperative self-consumption. Aggregation-wide
strategies, such as shared investments, further enhance cost efficiency and local genera-
tion utilization. Active participation in wholesale markets via competitive bidding also yields
substantial savings, reducing dependency on retailers and enhancing resilience.

The second edition of D5.2 (Helleik Syse et al., 2024) concludes that decentralizing en-
ergy markets through LECs and LEMs can lead to significant improvements in energy effi-
ciency, cost reduction, and sustainability. The comparative performance assessment of dif-
ferent market designs highlights the potential of P2P trading and cooperative self-consump-
tion models in achieving optimal energy management. These findings support the broader
goal of creating sustainable and autonomous energy systems, aligning with EU climate and
energy objectives. Recommendations include strengthening regulatory frameworks to facil-
itate the growth of LECs, investing in technologies like blockchain and machine learning to
enhance market efficiency, and promoting active participation of consumers in energy mar-
kets to leverage local energy resources effectively.

Figure 3 summarizes the outcomes and results of case study A. The squares on the right
side of the text with the letters “L”, “A”, and “W” indicate on which environment these findings
have incurred.

Outcomes & Results for case study A

Electricity Cost Reduction Cost Minimization for Prosumers

|:| Achieves cost savings for consumers and prosumers through optimized |:| Reduces expenses for individual prosumers by optimizing energy

tariff selection, local generation, or strategic market participation. usage and trading strategies within local or aggregation-wide

markets, often through dynamic market mechanisms.

Enhanced System Flexibility Reduction in Imbalance Costs
Increases the ability of the energy system to adapt to fluctuating demand and Decreases costs related to energy imbalances by accurately
supply, often by leveraging demand-response programs and flexible predicting, monitoring, and settling imbalance quantities, helping
consumption options. 4 communities avoid costly imbalance penalties.
Increased Social Welfare Improved Local Carbon Neutrality

D Improves collective well-being by enhancing equity in pricing, increasing D Enhances the sustainability of local communities by increasing
access to renewable energy, and distributing economic benefits more reliance on renewable energy sources, reducing carban footprints,
evenly among community members. and supporting carbon-neutral goals.
Higher Participation Benefits in Wholesale Markets Effective Market Competition

|:| Allows LECs and smaller communities to benefit financially from engaging |:| Establishes a competitive environment that promotes fair

. in wholesale and day-ahead markets, typically through aggregated bidding pricing and resource allocation by encouraging suppliers to
strategies that make participation feasible and profitable. offer competitive tariffs and services.

Figure 3: Summary of outcomes and results from the LEC modelling for Case Study A. The
squares labeled “L,” “A,” and “W” indicate which level of modelling—Local-wide, Aggregation-wide,
or Wholesale-wide—produces the respective outcomes. The figure highlights the varying contribu-

tions of each modelling level to the overall analysis.
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This section presents a comparative analysis of selected results from the national and
regional case studies outlined in Task 5.3 of the TradeRES project (reported in D5.3 (Es-
tanqueiro, Couto, Algarvio, et al., 2024)). The case studies analysed different market de-
signs across the Dutch (Case study B), German (Case study C), and Iberian electricity mar-
kets (Case study D), each offering valuable insights into the transition to nearly 100% re-
newable energy systems.

Rather than repeating the detailed descriptions and analyses provided in D5.3, this sec-
tion focuses on key results that are most relevant for the holistic analysis performed in this
deliverable. The goal is to highlight the impact of different market designs on various indi-
cators, such as system adequacy, market efficiency, renewable energy integration, and so-
cial welfare across the three case studies.

In the Dutch case study presented in D5.3, a detailed analysis examined the impact of
varying levels of system flexibility and market integration on the performance of the Dutch
electricity system under high VRES penetration scenarios. The reader can look into the
second edition of D5.3 (Estanqueiro, Couto, Algarvio, et al., 2024), where several MPIs
were computed capturing critical metrics such as renewable energy integration, system ad-
equacy, cost efficiency, and price stability across different scenarios.

Based on the COMPETES-TNO model results, the Dutch case study in D5.3 showed
that higher system flexibility (S2 and S4) significantly improved VRES penetration (see MPI
#1), reduced curtailment (see MPI #17), and led to lower system costs (see MPI #26) and
price volatility (MPI #41). Scenarios with limited flexibility (S1 and S3), especially in the
'isolated-NL' case, faced increased curtailment due to export constraints and experienced
more frequent load curtailment events (see MPI #4 and MPI #5), as measured by Loss of
Load Expectation (LOLE) and Expected Energy Not Served (EENS). Additionally, flexible
scenarios showed better alignment between market revenues and system costs (MPI #32),
while less flexible scenarios exhibited the highest costs and price volatility. Higher flexibility
also encouraged a cleaner technology mix, reducing dependency on dispatchable re-
sources like hydrogen turbines and nuclear power in favour of vRES. These findings under-
score the critical role of flexibility in enhancing system adequacy, cost efficiency, and VRES
integration.

Since the goal is to facilitate a comparative analysis, a summary and a comparison be-
tween the benchmark results obtained from COMPETES-TNO and the results from AMIRIS-
EMLabpy for their Energy Only market (EOM) simulations are provided. COMPETES-TNO
can only model an energy-only market and that the EOM is the status-quo which may be
considered the basis for the comparative analysis.

The objective of this comparison is to shed some light on how it compares a cost-optimal
system against the simulation of an agent-based model such as AMIRIS. For this purpose,
two sets of results are selected: the ‘S4-Isolated NL' from COMPETES-TNO scenarios, and
the EOM_LH scenario from AMIRIS-EMLabpy. EOM_LH refers to an EOM scenario mod-
elled with a low hydrogen price assumption of €1.5/kg, based on TradeRES-aligned data
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and reflecting renewable hydrogen import prices from the TYNDP 2022 Scenario Report
(ENTSO-E, 2022). The reason behind contrasting these two cases is to reduce the com-
parison burdens given by the different capabilities of both models. The ‘isolated NL’ cases
from COMPETES-TNO allow to align better to AMIRIS-EMLabpy results, as no electricity
trade is considered. Moreover, some data from EOM_LH was based on the S4 scenario
from COMPETES-TNO, such as the electrolyzers capacity and the industrial heat demand.
The rest of the data from both simulations was taken from the TradeRES, which makes
them comparable. To realize this comparison, some MPIls were selected to contrast both
scenario results, which are reported in Table 7. It is important to notice that the MPIs from
the EOM_LH reported for comparison correspond to the average of the different weather
years, and therefore differ from COMPETES-TNO results, where only one weather year is
optimized.

Table 7: Comparison of selected MPIs in Case Study B.
COMPETES-TNO AMIRIS-EMLabpy

MPI name Unit S4- Isolated NL EOM_LH
MPI #1: Share of RES-E % 93% 96%
MPI #4: Loss of load expectation h 0 4.23
MPI #5: Expected energy not served GWh 0 6.4
MPI #26: Total costs of the system Bn € 15.9 10.5
MPI #29: Annual volume weighted aver-

age of hourly market-price EMWh 525 38.5
MPI #32: Market-based cost recovery - 1.14 1.21
MPI #41: Volatility of electricity prices - 43.1 4.47

Overall, both scenarios present similar penetration of VRES in the power system, follow-
ing the storyline of scenario S4, representing more than 90% of the final share of VRES
supplying the final electricity demand.

The LOLE parameter from the EOM_LH scenario, obtained using AMIRIS-EMLabpy,
presents that (on average), 4.23 of the year involuntarily-curtailment of demand must be
performed, which conveys around 6.4 GWh of ENS. In the case of COMPETES-TNO, the
domestic supply under the ‘S4-Isolated NL’ is enough to cover all demand at all hours of
the year. In an agent-based model, investments are made until the level that the expected
profitability of an additional capacity stops being profitable. For this reason, higher short-
ages were expected in comparison to an optimization model and confirms that it is a suitable
methodology to investigate market designs that aim to reduce the power curtailments.

The resulting total system costs from COMPETES-TNO present a higher value than
AMIRIS-EMLabpy. This can be due to several factors. The capital costs are an important
part of the total system costs. In the case of ‘S4-Isolated NL’, there is a total of 218 GW of
generation capacity installed, whereas the EOM_LH scenario presents roughly 150 GW.
Additionally, the capacity mix from COMPETES-TNO presents 28 GW more of solar energy,
22 GW more of offshore energy, 21 GW more of solar energy, and 6 GW more of bioenergy.
AMIRIS-EMLabpy resulted in a higher capacity of open-cycle gas turbines (OCGT), which
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were not considered as an option in the optimization model. a higher variety of technologies
compared to AMIRIS-EMLabpy. A potential explanation of this different need for installed
capacities could be differed by the different flexible capabilities between the models. COM-
PETES-TNO can model a higher degree of flexibility of the system, with its associated elec-
tricity demand, which can lead to a higher introduction of capacities.

The market-based cost recovery from the two models does not differ much and indicates
a relatively good cost recovery for the investments (as the values are greater than 1). It s,
however, calculated on the system level. A detailed calculation of the individual technolo-
gies is possible but falls out of the scope of this comparison. The incentives for investments
are best shown by the results of AMIRIS-EMLabpy as described in previous sections. The
volatility of electricity prices shows a significant deviation between the two. Again, they are
not completely comparable as they are aimed at showing different things. COMPETES-
TNO shows the volatility of prices in one year, while AMIRIS-EMLabpy shows the volatility
of average prices across all the analyzed years.

It is important to note that comparison corresponds to the outcomes of two different mod-
els, with different scopes, objectives and capabilities. Therefore, it is always a complex task
to draw conclusions from results with different models. In this case, the comparison should
also be understood as an acknowledgment of the different models’ capabilities.

The German case study in D5.3 evaluated market-based cost recovery for VRES using
the AMIRIS model, exploring remuneration schemes, including fixed market premiums
(MPFIX), contracts for difference (CfD), and capacity premiums (CP). Simulations across
TradeRES scenarios (S0-S4) highlighted the role of system flexibility and remuneration
schemes in ensuring cost recovery for technologies like PV, onshore, and offshore wind.
Full details are available into the second edition of D5.3 (Estanqueiro, Couto, Algarvio, et
al., 2024).

The results of the German case study demonstrate a significant range of market-based
cost recovery rates for VRES. The cost recovery rates vary considerably depending on the
scenario and policy instrument, with figures ranging from 37% to 98% for PV and from 72%
to 151% for onshore wind (see Figure 4).
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Figure 4: Market-based cost recovery for PV (left) and onshore wind (right) for different support
schemes across TradeRES scenarios SO to S4.
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The results are highly dependent on the underlying assumptions of the scenarios. In
particular, the flexibility of demand and the price of imported hydrogen have a significant
impact on market outcomes. This has a considerably more pronounced effect on cost re-
covery rates than the support instruments themselves, given the nearly "optimal" parame-
terisation that underlies the analysis.

The German case study also shows that the examined support schemes result in full
cost recovery in all cases investigated, which reduces the risk associated with investments.
Furthermore, the results indicate that instruments that do not distort dispatch (capacity pre-
mium, financial CfD) lead to a consistently higher level of offshore wind curtailment (MPI
#17). It is worth noting that two-way CfD results in a greater level of market-based curtail-
ment of renewables compared to other support schemes. This leads to higher volume-
weighted average electricity prices (MPI #29), which in turn tends to stabilize the market
value of renewables. Finally, higher system costs for dispatch (MPI #27) must be balanced
against lower RES support costs (MPI #31) in the case of two-way CfD.

This subsection presents the key results of the Case study D. In D5.3, a comprehensive
analysis was conducted to the Iberian case study, focusing on various market design vari-
ations to address specific research questions. The scenarios explored included a combina-
tion of DAM or PAM with intraday and balancing markets, each assessed under different
business and trading strategies in terms of allocation of forecasted energy. In D5.5 the aim
is to highlight the key results from these simulations, focusing on MPIs calculated for each
scenario. Results showed that an active and strategic participation in different markets, as
already implemented in Spain, allowed for better vRES integration MPIs, but that came with
trade-offs, including higher overall market prices and dispatch costs. In contrast, the simple
business strategy was more cost-effective in the short term. The strategic business simula-
tions indicate that VRES earn higher revenues from the market due to two key factors: i) an
increase in DAM/PAM prices, ii) reduction of imbalances (and penalties) and iii) participation
in IDM and balancing markets. Providing ancillary services (AS) can significantly enhance
the value of VRES plants by diversifying their revenue streams across multiple markets. In
contrast, the simple business strategy not only does not show the same benefits, but in-
cludes severe penalties due to the imbalances generated, as depicted in Figure 5.
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Figure 5: Levelized remuneration in different markets for wind in Portugal (left) and Spain
(right).
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For the reader looking for more details, Table 22 and Table 23 in 2" edition of D5.3
(Estanqueiro, Couto, Algarvio, et al., 2024) present the market indicators calculated for the
Iberian market (MIBEL) using the strategic business simulations in scenarios S0-S4. The
observed yearly VRES share is high in all scenarios being above 80% in all cases for Por-
tugal. For Spain, the values are slightly lower ranging from 60% to 97%.

In the 2050 scenarios, all production in Portugal and Spain is renewable or carbon-neu-
tral, which means the CO, emissions are 0 (MPI #45). For the conditions imposed to obtain
the optimized scenarios, both Iberian countries that constitute MIBEL market do not present
risks of having LOLE events with EENS (MPIs #4 and #5), as expected. Concerning dis-
patch costs (MPI #27) obtained within MIBEL, they are significantly decreased from 2030
to 2050 with a strong influence from the retirement of gas power plants.

Regarding day-ahead prices (MPI #29) and investment recovery (MPI #32), inflexible-
demand scenarios (S1 and S3) tend to have higher market prices, which allows wind on-
shore and solar PV technologies to better recover their investment.

Demand flexibility makes demand-side players adjust to VRES production, decreasing
market prices and VRES investment return. Under these conditions (as analysed in the
TradeRES project's S2 and S4 scenarios) with high demand-flexibility, vVRES might need
support remuneration schemes to fully recover their investment.

The case study’s results highlight the great uncertainty surrounding future price levels.
Figure 6 illustrates the annual volume-weighted averages of hourly day-ahead market
prices by bidding zone. Ranging from 28 €/ MWh (in Spain and Portugal in the variable
scenario S3) to 182 €/ MWh (in the Balkans in the conservative scenario S1), these aver-
age market prices appear to vary significantly across both scenarios and bidding zones. In
each bidding zone, the minimum difference in average prices between scenarios amounts
to 25 €/MWh. At the European level, a comparison of volume-weighted European average
prices between scenarios indicates that both increased demand-side flexibility and sector-
coupling, as well as a higher share of VRES, generally cause prices to decrease.

S1 conservative S2 flexible S3 variable S4 radical Price (€/MWh)

102.5 €/MWh 72.1 €/ MWh 69.2 €/ MWh 58.7 €/ MWh

Ta

Figure 6. Annual volume-weighted average of hourly day-ahead market price by scenario by bid-
ding zone with the European average depicted above each map.
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The results also reveal that even in scenarios where more than 95% of electricity gener-
ation is sourced from VRES, average price levels still significantly exceed their variable
costs. To explain this result, the case study also identifies the main price-setting technolo-
gies in future electricity markets. Figure 7 presents a histogram displaying the price distri-
bution from 0 to 130 €/MWh along with the unweighted mean electricity prices across sce-
narios designed to study the isolated effect of each varied scenario dimension (cf. Section
2.3). Additionally, on the right-hand-side, it presents the number and unweighted average
of observations above 130€/MWh. The analysis indicates that VRES are superseded by
electrolyzers as the main price-setting technology in all scenarios featuring a significant
share of VRES.
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Figure 7. Histogram of electricity prices by scenario, truncated at 130 €/ MWh. The overall mean is
depicted by the dashed vertical line, while the average (&) and number (#) of prices above 130
€/MWh are presented on the right side of the plot.

Therefore, VRES also result to be largely profitable in our main scenarios. Figure 8 pre-
sents the rate of cost recovery of vVRES in the main scenarios. It shows that especially wind
onshore is profitable across all scenarios and bidding zones except for France and Norway
in the variable scenario S3. Solar PV appears to be exposed to cannibalization to a larger
degree, particularly in S3 and the radical scenario S4. Despite the risks associated with
strongly fluctuating revenue streams and cannibalization, which is particularly relevant for
solar PV, the results show that flexibility on the supply side as well as price responsiveness
of the demand side tend to increase the profitability of VRES. In fact, investors in VRES
benefit considerably from power systems with an already moderate degree of flexibility on
either side, as it is the case in the main scenarios of TradeRES.
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Figure 8: Market-based cost recovery rate (MPI #32) by technology and scenario. Each dot repre-
sents a bidding zone with Italy highlighted as an example.

Contracts for Difference (CfD) are an instrument designed to mitigate revenue risks. The
case study’s results indicate that variations in CfD design impact both investment and dis-
patch, particularly curtailment. Two types of wind onshore power plants are analyzed for
their performance under different CfD designs, namely “High FLH” (Full Load Hours) and
“High MV” (Market Value). Figure 9 shows increased investments in the “High FLH” wind
onshore type under basic CfD, characterized by high full load hours, but a lower market
value than the type “High MV”. Conversely, CfD types with a reference price that decouples
own market revenues from CfD payments lead to increased investments in the more sys-
tem-friendly “High MV” type (here, “system-friendly” refers to energy generation technolo-
gies or configurations that align well with the broader energy system's needs and priorities).
Thereby, curtailment is reduced in these scenarios (cf. Figure 10). Under the basic, one-
way, and two-way CfD, curtailment is additionally reduced because their volume-based pay-
ments cause wind to be dispatched at prices lower than their variable costs. Therefore,
prices and profits also change in the CfD scenarios. Figure 11 shows that the market-based
cost recovery, i.e. the cost recovery rate without CfD payments, generally increases in the
CfD scenarios compared to the target scenario. A major reason for this result is the rise in
electrolyzer activity, which elevates prices. Since CfD payments are based on strike prices
defined ex ante based on other market expectations, it is observed an excess recovery of
costs in numerous bidding zones in our CfD scenarios. Conversely, under the financial CfD,
several wind power plants fall short of recovering their costs. Yet, system costs are lowest
under this type of CfD (cf. Figure 12), which was designed to eliminate investment and
dispatch distortions of other types of CfD. Overall, these results reveal a trade-off between
ensuring revenue certainty for investors but maintaining low system costs for consumers.
Remaining revenue uncertainty under different types of CfD, however, could be addressed
by adequate risk premia. Their determination requires a deeper investigation of revenue
risks under the consideration of more scenarios and should be subject to future research.
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Figure 9: Installed electricity and hydrogen Figure 10: MPI #17: Total absolute and relative
generation capacities in the target and CfD curtailment of potential electricity generation by
scenarios aggregated over all bidding zones. technology and scenario aggregated over all
bidding zones.
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Figure 11: Rate of ex post cost-recovery from market revenues (MPI #32) and CfD payments of
wind onshore by wind technology and CfD type in 5 bidding zones in alphabetical order.
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Figure 12: MPI #26: Total system costs distinguished by investment costs, operating costs (MPI
#27), Hz2 import costs and CfD expenditure (wind profitability gap) by scenario aggregated over bid-
ding zones.
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This chapter presents a holistic analysis across multiple dimensions of market design
and model implementation as well as the outcomes, examining key similarities, differences,
and interactions within the case studies covered in previous sections. The document pro-
vides an analysis of local and wholesale market dynamics, cross-country day-ahead market
(DAM) prices, environmental and economic impacts, innovative market designs such as the
period-ahead market (PAM), support instruments like CfD, and the implications of intercon-
nectivity across scales.

Section 4.1 begins with a LEC/Wholesale markets analysis, using Case Study A (LECs)
and Case Study D (MIBEL), comparing market design aspects, price levels, and sensitivity
to fluctuations between local and wholesale structures. This section identifies potential chal-
lenges and benefits inherent to each market type, analysing how retail tariff design, price
formation mechanisms, and design frameworks differ in terms of resilience, flexibility, and
impact on participant behaviour.

Section 4.2 expands the analysis to cross-country comparison of market prices and ex-
amines key environmental and economic MPIs across the national case studies: the Dutch
market (Case Study B), the German market (Case Study C), and the MIBEL market (Por-
tugal and Spain, Case Study D). This comparison provides insights into how local regulatory
frameworks, economic contexts, resource availability, and specific model setups shape
price levels and stability across borders. Alongside the DAM price comparisons, and PAM
in MIBEL market, environmental and economic impacts are evaluated, including market-
based curtailment, emissions, and overall system cost and market-based cost recovery.

Section 4.3 then analysis a new market design option in the MIBEL market (the so-called
period ahead market — PAM — proposed in D5.3) and evaluates alternative support mech-
anisms for VRES at the Pan-European (Case Study E) and German Market (Case Study C)
levels. The section explores the role of remuneration schemes, including various CfD de-
signs, in supporting VRES integration and achieving price stabilization, emphasizing the
need for robust financial instruments to support resilience amid fluctuating supply and de-
mand conditions across Europe.

Finally, in Section 4.4, it is assessed the effects of interconnectivity between market
scales, evaluating how connections between national and regional markets influence over-
all system performance. This section investigates the advantages and limitations of inter-
connected structures, particularly regarding cross-border cooperation, and stability in fluc-
tuating market conditions.

Together, these analyses offer a "high-level" perspective rather than strict, one-to-one
comparisons. By synthesizing insights across diverse cases, this chapter highlights over-
arching trends and unique challenges, providing a foundation for future discussions on the
development and harmonization of electricity markets across Europe.
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This section presents a comparative analysis of Local Energy Markets (LEMs) and
wholesale (WS) markets, exploring the dynamics of each within the broader context of Local
Energy Communities (LECs). The section examines how different market designs, pricing
structures, and local market performance indicators (LMPI) shape outcomes in terms of
self-sufficiency, cost efficiency, and local versus regional context. Section 4.1.1 examines
the structural and operational differences between LEMs and WS markets, focusing on
scope, participant roles, trading mechanisms, and performance indicators. Section 4.1.2
explores how real-time pricing (RTP), cooperative self-consumption, and flexible demand
impact cost savings and sustainability in LEMs and WS contexts. Together, these subsec-
tions provide insights into the challenges and advantages of integrating LEMs with broader
market frameworks.

In this section, the differences between LEMs and WS market designs within the context
of LECs are examined. It focuses on the role of MPIs and LMPIs, as well as the implications
of auction types, pricing structures, and cost recovery mechanisms.

Differences in Market Scope and Objectives: LEMs concentrate on local interactions
among prosumers within a LEC, aiming to optimize local energy systems by enhancing self-
sufficiency and reducing electricity costs. Participants include prosumers, flexible consum-
ers, micro-generators, energy storage owners, and local operators who engage in energy
trading within a localized framework. In contrast, WS markets operate on a broader scale,
involving large-scale generators, retailers, and consumers across regions. The primary ob-
jective of WS markets is overall system optimization, reliability, and cost-efficiency, with
participants such as electricity suppliers, utilities, and industrial consumers.

Trading Mechanisms and Pricing Structures: Trading mechanisms differ significantly
between LEMs and WS markets. LEMs utilize decentralized mechanisms such as peer-to-
peer (P2P) trading, bilateral negotiations, and local auctions, allowing for flexible and direct
energy exchanges between participants. For example, fully decentralized P2P markets op-
erate without a central authority, enhancing autonomy for prosumers. Pricing structures in
LEMs are also more flexible, featuring personalized retail prices, dynamic pricing, and mid-
market rate pricing. These structures encourage investment in local generation and storage,
promoting self-sufficiency and demand-response participation.

WS markets rely on centralized auctions managed by market operators, like day-ahead
wholesale markets where prices are determined by the intersection of aggregate supply
and demand curves. Prices in WS markets are often standardized and reflect generation
costs and the overall balance of supply and demand, offering less flexibility for consumers
to influence prices directly.

Role of Performance Indicators: MPIs and LMPIs play a significant role in evaluating
the performance of these market designs. MPIs assess the performance of the broader
energy market, focusing on system-wide indicators such as total system costs, market-
based cost recovery, volatility of electricity prices, and power system emissions. LMPIs are
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tailored to evaluate performance within LEMs, focusing on metrics like Local Energy Neu-
trality, Nodal Consumption, Import-Export Ratio, Total Local Costs, Levelized Local Costs,
and Local Autarky. Evaluating both MPIs and LMPIs provides insights into the efficiency
and sustainability of different market designs under both local and wholesale conditions.

Auction Types and Cost Recovery in Local and Wholesale Markets: Auction types
have implications for market outcomes in both LEMs and WS markets. LEMs employ vari-
ous auction mechanisms that influence price formation, participant strategies, and cost sav-
ings. These auctions include bilateral trading, centralized P2P trading with mid-market rate
pricing, double-sided auctions with strategic bidding, and discriminatory price auctions.
Such mechanisms enable prosumers to actively participate in the market, often resulting in
significant reductions in electricity costs due to strategic bidding and local optimization.

Cost recovery mechanisms in LEMs focus on recouping total local costs, including in-
vestment, operation, and trading expenses. Levelized local costs provide a measure of eco-
nomic efficiency, helping assess the viability of local energy systems. Prosumers aim to
maximize their economic surplus by participating in the market and optimizing their energy
usage and generation. In WS markets, suppliers recover costs by purchasing energy from
the wholesale market and selling it to consumers, with costs spread over a larger consumer
base. The pricing structures may not reflect local generation and consumption patterns as
closely as in LEMSs.

Modeling Methodologies and Key Findings: Various modeling methodologies have
been employed to analyze the interactions and performance of LEMs and WS markets. Bi-
level modeling captures the dynamic relationships among electricity suppliers, flexible con-
sumers, and the wholesale market. For instance, the upper-level problem involves suppliers
setting personalized retail prices for consumer clusters, while lower-level problems repre-
sent flexible consumers adjusting their consumption to minimize costs and the wholesale
market operator clearing the market based on aggregated demand. These interactions il-
lustrate how consumer demand response influences wholesale market clearing processes
and, subsequently, wholesale and retail prices.

Fully decentralized P2P market models, such as those employing mid-market rate pric-
ing within a double auction framework, enhance flexibility and autonomy for prosumers.
Traders submit bids and offers, and a matching algorithm pairs orders to maximize social
welfare. This model allows prosumers to directly participate in energy trading without central
authority intervention.

Case studies indicate that strategic pricing and demand response in LEMs lead to re-
duced electricity bills for consumers and prosumers. For example, centralized P2P trading
reduced bills by 11.28%, while competitive bidding in LEMs led to a 12.95% reduction. LEMs
can also improve local energy neutrality and autarky, enhancing self-sufficiency. Aggregat-
ing local resources and strategic tariff selection can reduce electricity prices, with retail com-
petition at the local level benefiting consumers through better tariffs and services. LEC par-
ticipation in WS markets via aggregators can significantly reduce electricity costs, although
consumers have limited direct influence over wholesale prices compared to LEMSs.

In summary, comparing LEM and WS market designs highlights the respective benefits
and challenges of each system. LEMs offer enhanced local control, sustainability, and eco-
nomic advantages by empowering prosumers and encouraging investment in local
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resources. WS markets provide broader system optimization and reliability but may lack the
localized incentives present in LEMs. Integrating LEMs into WS markets could maximize
overall energy system performance by combining the strengths of both designs. Advanced
modeling techniques, such as bi-level optimization and agent-based simulations, provide
valuable insights into effective market designs and can inform policy decisions. Policymak-
ers might consider the benefits of LEMs in energy planning to enhance market efficiency
and promote sustainable energy practices.

Considering the study presented in section 4.3.3 of the second edition of D5.2 (Helleik
Syse et al., 2024), it has been added a new scenario considering real-time pricing (RTP)
where inflexible consumers have an RTP tariff without being part of a LEC. Table 8 sum-
marizes the main LMPIs of the study.

Table 8: LMPIs comparisons

LMPI RTP Baseline Inflexible Best forecasts Flexible
#1 Local energy neutrality (%) 0 0 87 87 87
#3 Import-export ratio (%) 100 100 13 13 13
#5 Levelized local costs (€/MWh) 96.47 73.31 65.15 59.90 53.38
#6 Local Autarky/self-sufficiency (%) 0 0 36 36 65

Consumers reduce their costs by 24% from the RTP to the Baseline scenario by being
part of a LEC. The difference between these scenarios is an increase in the grid access
costs of 23.26 €/ MWh in the RTP scenario (see Figure 43 in section 5.2.2 of the second
edition of D5.2 (Helleik Syse et al., 2024). Inflexible consumers' choices with cooperative
self-consumption resulted in savings of 32% compared to the best RTP retail tariff. If they
consistently select the best monthly tariff and have best forecasts, their savings could in-
crease to 38% (Algarvio et al., 2024). For flexible consumers with 10% load-shifting capa-
bility, their savings can increase to 45%. Strategic bidding and behaviour by the LEC in
wholesale and retail markets enable a 3% profit based on the difference between member
payments and total costs.

The majority of LEC costs are allocated to investments in local generation (36%) and its
operation and maintenance (29%). There are also notable costs associated with trading
(13%), balancing (11%), and other grid-related fees (11%, see Figure 43 in section in sec-
tion 5.2.2 of the second edition of D5.2 (Helleik Syse et al., 2024) for a detailed distribution
of costs). Investing in cooperative self-consumption is a more competitive risk mitigation
measure than investing in single self-consumption (Algarvio et al., 2024). Indeed, by invest-
ing in local self-consumption, consumers are aware of the majority of their costs, reducing
their exposure to wholesale price volatility. By increasing local sustainability, trading costs
and other fees could be reduced. The local sustainability index of inflexible LECs is only
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36%, meaning most energy is traded in wholesale markets, even though the LEC produces
nearly all the energy needed (with a carbon neutrality index of 87%). VRES generation com-
plementarity and demand response have been used, increasing the local sustainability to
65%. Additionally, enhancing forecast accuracy would help lower balancing costs.

Within TradeRES, three national case studies have been conducted: a Dutch case study
(Case study B), a German case study (Case study B) as well as a MIBEL case study which
analyses the countries Spain and Portugal (Case study C). For all case studies, environ-
mental as well as economic MPIs have been assessed. In this Section, the commonly eval-
uated MPIs and the respective national and/or model effects that influence the results are
compared. This way, similarities as well as discrepancies of the results are pointed out and
traced back to the driving factors to come to robust cross-country conclusions.

Market-based curtailment implications for vVRES integration and the power system CO-
emissions were examined in Germany and the MIBEL markets, highlighting how support
schemes and demand flexibility impact in these MPIs.

Technical MPI #17 - Market-Based Curtailment: In the German case study the curtail-
ment of VRES is significant, especially for offshore wind, which can reach 18% in scenario
S1 in case supply bids are not distorted from production-dependent support. This is a con-
sequence of the higher marginal costs of offshore wind compared to the other vRES tech-
nologies (Helistd et al., 2024). Different support schemes (see also Section 4.3.2) affect
curtailment levels, with the two-way CfD scheme leading to the highest overall curtailment
volume due to bids above marginal costs in clawback periods. The overall VRES share
(considering S1 to S4) is around 73%, reflecting a strong integration of renewables despite
some curtailment.

In the MIBEL case study, for Portugal, the curtailment levels are much lower, with a
maximum of 1.2% observed in Scenario SO under VRES strategic active business simula-
tions. Considering scenarios S1, S2 and S4, the curtailment is near to 0% mainly due to the
participation of VRES in balancing services and a more balanced supply/demand (including
flexibility) mix. Only S3 scenario shows a high level of the curtailment of vVRES, which in-
creases by 8% compared to S1, S2, and S4, caused by the high level of VRES share and
low demand flexibility available.

It should be highlighted that the differences in curtailment between the MIBEL and Ger-
many cases are influenced by the distinct market scopes and design frameworks applied.
For instance, in the MIBEL case study, the inclusion of VRES strategic active business sim-
ulations into DAM (See Section 2.2.3) by reserving 20% of VRES forecast to participate in
balancing services, which helps to significantly reduce curtailment, as seen in scenarios S1,
S2, and S4. By contrast, the German case does not address a balancing market’s compo-
nent, which limits the ability of vVRES to adjust their market participation dynamically. This
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difference in design results in Germany experiencing higher curtailment levels, as VRES
cannot provide balancing power or adjust in response to market conditions.

Environmental MPI #45 - Power System Emissions: Concerning the power system
emissions for the German case study, zero emissions are registered in the scenarios S1 to
S4. This is because these four scenarios consider a power system that relies on vRES and
green hydrogen only, as German policy goals demand for full greenhouse gas neutrality by
2045 (German Federal Climate Action Act, Section 3, 2019) which is reflected in the sce-
narios. On the other hand, MIBEL-Portugal case achieves high renewable shares in all sce-
narios, consistently above 80%. By 2050 (scenarios S1 to S4), the Portuguese power sys-
tem is fully renewable or carbon-neutral, resulting in zero CO2 emissions. For Spain, re-
newable energy share ranges from 60% to 97%, with emissions decreasing in the PAM
simple strategy scenario due to reduced gas power plant production in balancing markets.
Similar to Portugal, by 2050, Spain’s power system is also expected to be fully renewable
or carbon-neutral, achieving zero emissions.

In summary, market-based curtailment is an important MPI for characterizing a nearly
100% RES power system. The German case study reveals high curtailment rates for off-
shore wind, particularly when support payments do not distort bids. In contrast, Portugal
and Spain curtailment rates are nearly 0%, except for Portugal in scenario S3, the scenario
with low demand-side flexibility. This is a clear indicative of the impact of effective demand
flexibility and VRES integration. The analysis of power system emissions MPI shows that
both Germany and the MIBEL region are on track to achieve zero emissions by 2050. Fur-
thermore, support payments per produced kWh in Germany significantly affect curtailments,
with two-way CfD potentially increasing absolute curtailment volumes. In the MIBEL case,
the interdependencies between VRES patrticipation in balancing markets and the vRES ac-
tive strategic business have shown to reduce the overall curtailment volumes and suggest
such an approach to be tested in other markets.

Economic implications of system operation under different VRES integration levels have
been studied in the German and the MIBEL case studies. Central economic MPIs have also
been evaluated for the Dutch case. Although results are very dependent on the specific
country case and also the applied model setup, the main tendencies are briefly described
for common MPIs. For each MPI, it is described the countries compared, what are the main
results drivers are and how simultaneities as well as diverging trends for the results can be
explained from this.

Economic MPI #27 - System Costs for Dispatch: System costs for dispatch are avail-
able for the German and the MIBEL case study. Concerning this indicator, some limitations
must be kept in mind: For both, the German as well as the MIBEL case study, system de-
signs and sizing differ quite substantially among the scenarios and so do system costs.
Furthermore, bidding behaviour of some market actors is differently represented, which is
reflected by deviating system costs for dispatch.

For the German case, system costs for dispatch range from the German case, system
costs for dispatch range from 3 €/ MWh for S4 to 24 €/ MWh for S1. It can be clearly observed
that the quantity of electricity provided by hydrogen plants varies greatly across scenarios
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and thus largely influences system costs. Another influence can be traced back to differ-
ences in the hydrogen price, affecting both, costs for backup generation as well as the op-
portunity cost of electrolysers.

For Portugal, in the MIBEL case study, the dispatch costs are also impacted by higher
marginal cost power plants due to dependence on gas and hydro for balancing. However,
the period-ahead market design (see also Section 4.3.1) results in lower operational costs
compared to the DAM model, showcasing the benefits of demand-side flexibility and effi-
cient management of VRES, especially when low imbalances from these players are ex-
pected due to the improved power forecast accuracy.

Economic MPI #29 - Volume-weighted average day-ahead electricity price: The vol-
ume-weighted average day-ahead electricity prices (WAMP) can be evaluated for all na-
tional and regional case studies. The main observable effects are described and compared
below.

The case studies explored the effects of various market designs to answer different re-
search questions under different scenario assumptions in demand flexibility. As defined in
the TradeRES project, S1 and S3 present the lower demand flexibility compared to S4 and
S2. The results of the case studies, as presented in the deliverable D5.3, showed that flex-
ible scenarios would tend to present a higher share of VRES, as demand-side flexibility
allows us to integrate this variable generation through pro-active consumption in periods
with production surplus. This also has an effect on multiple aspects, such as electricity
prices, market-based cost recovery of vVRES, among others.

i) Dutch case: for the DAM simulations, two variants were considered, one with low
and one with high hydrogen price. The WAMP (MPI #29) increased considerably
from around 39 €/MWh in the low hydrogen to 60 €/MWh in the high hydrogen re-
sults. This is a result of the hydrogen price impact on the electricity market which
comes with the operation of hydrogen turbines. However, the higher hydrogen prices
also led to higher ENS and LOLE episodes in the market simulations.

i) German case: presents a considerable range in volume-weighted average day-
ahead electricity prices between different scenarios, with values varying from 45
€/MWh in scenario S3 to almost 80 €/ MWh in scenario S2. The divergence in sce-
nario assumptions, particularly regarding the hydrogen price and the level of flexi-
bility in the system, are the primary factors contributing to this bandwidth. The former
has a significant impact on prices determined by backup units as well as electrolyz-
ers, while the latter affects the market values of VRES. Scenario S4, with the highest
VRES share across all scenarios, shows rather low day-ahead electricity prices.
Price differences within a scenario could be traced back to the effects of different
support instruments. Here, two-way CfD was found to increase prices because of
increased curtailment (also see MPI #17 comparison above).

i)  MIBEL case: under an active strategic participation in different markets for vRES,
the DAM results showed similar trends to those in previous case studies, where
flexibility differences between scenarios have a great impact on the electricity prices
and on VRES cost recovery. For the year 2050, volume-weighted average prices
range from 23 €/ MWh for Spain and 24 €/ MWh for Portugal in S4 up to around 85
€/MWh for both countries in S1. The reasons for these differences in this MPl among
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the scenarios can be mainly traced back to the highest demand flexibility to follow
VRES production in scenarios S2 and S4, what demonstrates the relevant role flex-
ibility has in the performance of electricity markets. There is a large degree of price
convergence between the countries in MIBEL. This price convergence among Por-
tugal and Spain was also found to be largely impacted by the applied active VRES
business strategy, as well as the introduction of dynamic line rating to compute the
cross-border capacity of the overhead power lines.

Table 9 shows a selection of the most extreme scenarios results regarding WAMP (MPI
#29) across the case studies for the DAM, and the final share of VRES production (MPI #1).
These extreme scenarios are S1 and S4, which lie opposite of each other in the scenario
definition within the TradeRES regarding demand flexibility, hydrogen prices and integration
of VRES. The WAMP variation due to integration of VRES is interrelated with the flexibility
of the system in some case studies. In the Dutch case, the WAMP is higher under the high
hydrogen assumption as explained before. In the German case study, the WAMP is lower
for scenarios with high VRES shares, and particularly influenced by the hydrogen price as-
sumption, as for the Dutch case. For MIBEL, the flexibility of the system plays a key role in
the difference across the scenarios, where higher flexibility decreases the prices consider-
ably.

Table 9: Selection of extreme scenarios results regarding the volume-weighted average day-
ahead electricity price and identification of the VRES and RES shares.

Case Case Case Case Case
Case study B Case Study C Study C study D study D study D study D
Name Dutch market German market German MIBEL MIBEL MIBEL MIBEL
S4 S1 market Spain Spain Portugal Portugal
S4 S1 sS4 S1 sS4
Case
study EOM_LH EOM_HH N.A.* N.A.* DAM DAM DAM DAM
scenario
MPI #1 73.2 (VRES); 99 (VRES);
96 87 92.8 96.8 100 100
(%) 100 (RES) 100 (RES)
MPI #29
38.5 60 65.8 47.1 85.5 23.4 84.8 24.2
(€/MWh)

N.A.* - Not applicable, as no additional scenarios were included in this case study.

Economic MPI #32 - Market-Based Cost Recovery: Market-based cost recovery of VRES
is evaluated in the German (Case study C) and the MIBEL (Case study D) cases. The re-
sults are described and compared in the following.

In the German case study C, market-based cost recovery was found to be largely influ-
enced by the scenario. The simulations showed that under the DAM with no support instru-
ments, some VRES were not able to fully recover their costs on a pure market basis. This
finding was especially true for small-scale solar PV. For wind, however, market-based
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refinancing was possible in some scenarios. The strong scenario dependency is observable
in Figure 4 (Section 3.2.2). For solar PV, market-based cost recovery rates range from 49%
in S3 up to on average 91% in S2. For wind onshore, they range from 76% up to 142% and
for wind offshore from 67% up to 123% (assuming no support for any VRES). Thus, similarly
as for the volume-weighted average wholesale prices, the higher hydrogen price level as
well as a higher degree of demand-side flexibility are found to drive refinancing levels. A
high hydrogen price together with a high demand-flexibility scenario showed the best per-
forming results for both solar PV and wind. In contrast to wind, refinancing levels for PV in
S4 were found to be below those of S1 for PV. This is due to the high installed capacity of
PV for S4 and the high simultaneity in its dispatch, which leads to depressing price levels
that are not adequately compensated by flexible demand-side resources.

For the MIBEL case, the scenarios with high flexibility and therefore higher vRES inte-
gration resulted in low values of this MPI, compared to the scenarios with lower flexibility.
This is due to the effect of lower electricity prices resulting from the better integration of
VRES through demand following their production pattern. Cost recovery rates for solar
range from 45% in S2 up to 426% for S3. The extremely high value for S3 can be traced
back to the high balancing prices during daily periods, strongly increasing the remuneration
of PV power plants that participate in balancing markets. In comparison, for solar technol-
ogy, the cost recovery are 79% and 49% for S1 and S4, respectively. For wind onshore,
cost recovery rates range from 58% in S4 up to 124% for S1. The general trends for cost
recovery for wind and solar PV differ among the scenarios. This can be explained by the
low prices in the scenarios with more flexible demand (S2 and S4) reducing the market-
based cost recovery of wind and solar PV.

One robust finding for the German and MIBEL case studies is that there may be scenar-
ios in which market-based cost recovery for a system dominated by vVRES cannot be as-
sured, what introduces the possible need of measures to de-risking VRES investments, e.g.
by applying some sort of support mechanism (see also Section 4.3.2).

In conclusion, the economic MPIs above are significantly influenced by the specific char-
acteristics of the scenarios studied, as particularly pointed out by the German and the Dutch
case studies. Price effects of marginal generators, especially based on hydrogen, can be
observed on all three case studies. Also, the effects of demand-side flexibility can be iden-
tified as a price driver in all cases. These substantial variations indicate the large degree of
uncertainty towards future developments introducing the need for suitable and adaptive
market and policy designs and de-risking of investments (see chapters 4.4 and 4.5 of this
analysis and D3.5 for a comprehensive summary on market design recommendations).

The German case showed the implications of different support instruments for vVRES
(see also Section 4.3.2) and concerning the MPIs presented here, particularly found an
influence on market-based curtailment and resulting price levels. Quantitative effects are by
far outweighed by the previously described scenario factors, especially hydrogen prices and
the degree of demand-side flexibility. Furthermore, as particularly showcased for the MIBEL
case, VRES business strategy of participation in balancing markets as well as bidding be-
haviour and the surrounding market and auction design with its lead times (see also chapter
4.3.1) have a strong effect towards the MPI values observed.
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This section explores innovative and alternative market design options aimed at improv-
ing the integration of VRES and enhancing market efficiency. It focuses on a novel period-
ahead market (PAM) structure and alternative supportive mechanisms like Contracts for
Differences (CfD) to better manage VRES participation and stabilize prices. Through MIBEL,
Germany, and Pan-European case studies and scenarios, this section assesses how these
market adaptations impact costs, pricing, cross-border trading, and sustainability. The anal-
yses provide insights into the potential of PAM and CfD to address emerging challenges in
near 100% renewable power system.

The analysis of day-ahead market (DAM) and period-ahead market (PAM) outcomes in
the MIBEL case study highlights key differences in their operation and impacts on renewa-
ble energy integration, market efficiency, and pricing. The PAM, with its shorter lead times
(6 hours compared to DAM's 12-36 hours), allows a better integration of VRES by benefiting
from more accurate forecasts. Improved forecast accuracy reduces the need for balancing
needs, which is crucial in power systems with a high share of wind and solar PV generation.
This improvement has significant impacts across various dimensions addressed in the pro-
ject.

VRES integration: In both the Day-Ahead Market (DAM) and the Period-Ahead Market
(PAM), perform similarly in overall renewable integration. However, PAM enables to obtain
equal or superior RES share in the final consumption (MPI #1). While capacity procurement
levels in ancillary services are similar in both (MPI #13), PAM slightly lowers actual capacity
usage (MPI #14). As a result, when VRES can participate in ancillary services through the
active market participation strategy, their share increases due to the highest balancing
needs. Curtailment of VRES is also higher in the DAM design. Therefore, it is possible to
conclude PAM improves renewable efficiency by reducing balancing needs, curtailments,
and balancing capacity requirements when compared to DAM.

Cost efficiency and economic performance: From an economic perspective, PAM is
more cost-effective than DAM. Simulations show that the total system costs (MPI #26) -
including fuel, emissions, and operation and maintenance -, total costs for dispatch (MPI
#27) and costs for society (MPI #28) are lower under PAM. For example, Spain had reduced
operational costs in PAM due to less reliance on expensive dispatchable generation, like
gas plants that are used to provide balancing services. The reduction with PAM in Spain
achieved nearly 50%. In Portugal, however, the impact is less significant, with a reduction
of less than 1% in total system costs. When vRES players actively participate in different
markets, the cost differences between the two market designs decrease, resulting in total
system cost reductions of 2.06% for Spain and 1.16% for Portugal. The distortions observed
in DAM, which raise overall system costs, allow VRES players to recover or come closer to
recovering their investments.

Impact of cross-border trading and pricing: The price differential between control
zones in each hour for Portugal and Spain (MPI #33) is lower in PAM due to the reduction
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of market distortions associated with the forecast errors. PAM also reduces the occurrence
of market slitting occurrences (in almost 200 hours depending on the bidding strategy) that
lead to price divergence between interconnected zones. As a result, PAM's design helps
promote more uniform pricing across borders, which is a significant step towards more in-
tegrated and efficient regional electricity markets.

Social and Environmental Impacts: PAM design positively impacts social welfare (MPI
#47) by reducing curtailment while it slightly lowers CO2 emissions (MPI #45) since this
new design enables players to rely less on fossil fuel power plants. Social welfare, espe-
cially for consumers, benefits from more stable energy prices and less dependence on
costly balancing needs.

Both the Pan-European and German case studies analyse different types of CfD in fully
decarbonized electricity market scenarios. The applied models have different strengths that
were exploited to draw congruent conclusions on i) the necessity of remuneration schemes
for vRES and ii) the design of CfD.

The agent-based model AMIRIS applied in the German case study reflects more accu-
rately the dispatch behaviour as it considers updates of market expectations throughout the
simulation year. In contrast, the optimization model Backbone used in the Pan-European
case study can capture investment effects induced by the CfD. Furthermore, it captures
changes in cross-border trade. For the sake of the prevalent comparative analysis, the
strengths of the models are combined. This is achieved by analysing dispatch effects under
different types of CfD with the agent-based model for Germany under different capacity
assumptions drawn from the optimization model of the Pan-European case study and en-
riching those with the observed investment effects from the Pan-European case.

Are remuneration schemes for vRES needed? Both case studies, Case study B (Ger-
man case) and Case study E (Pan-European), investigate the necessity for remuneration
schemes for VRES in future power systems with ~100% share of renewables. The results
of both case studies indicate that remuneration schemes are likely needed, mainly to de-
risk investments in VRES, as (i) market incomes are insufficient to recover costs at the en-
ergy-only market in some scenarios for some technologies; and (ii) market performance is
highly insecure, subject to scenario assumptions and — what is beyond scope for the prev-
alent analysis, but addressed for the Dutch case (see D3.5 (Estanqueiro, Couto, Algarvio,
et al., 2024)) - also weather variability. Hence, both case studies conclude that remunera-
tion schemes are necessary as some sort of insurance contract ensuring that the desired
VRES expansion goals are met by risk averse investors.

Concerning the kind of instrument chosen, CfD are a form of support that addresses the
challenge of adequately de-risking investors while simultaneously keeping support pay-
ments that are ultimately to be borne by consumers within acceptable thresholds. The latter
is done by including some sort of clawback mechanism for high price periods. However,
there are a lot of design questions to address for CfD (Kitzing et al., 2024), which can have
significant impact on system effects and their market performance. Thus, the associated
effects of specific CfD designs are subject to the following comparative analysis which
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highlights the main conclusions and system effects gained in both, the German and the
pan-European case study.

Comparative evaluation of different CfD designs: Both case studies analyse the ef-
fects of different support instruments on investment (Pan-European case study only) and
the dispatch of VRES plants (both case studies). The focus is on different types of CfD.

The results of both case studies demonstrate that production-dependent support instru-
ments, such as one-way and two-way CfD, influence the dispatch of supported VRES plants
due to the opportunity cost of the premia that — depending on the anticipated direction of
the payment — raise or decrease price limits of bids above or below variable costs. Market
prices are affected accordingly in hours when VRES are price-setting. Thus, from a system
point of view, they incentivize an unfavourable dispatch pattern.

In the German case study, there is a clear trend towards higher curtailment volumes and
price levels under two-way CfD in periods with a net clawback. The same result is found in
the Pan-European case study for bidding zones and scenarios with profitable wind onshore
power plants. Conversely, curtailment decreases, when anticipated payments are negative.
Additionally, curtailment is affected by the composition of the type of wind onshore power
plants that is impacted by the type of CfD. Particularly, curtailment is lower in scenarios with
CfD designs that incentivise investments in power plants that better fit load patterns (cf.
Section 3.3).

Both case studies also highlight that the ex-post cost recovery under CfD is not neces-
sarily 100% due to differences in ex-ante assumptions used to define the strike price and
ex-post outcomes that determine realised CfD payments.

In the German case study, these differences occur for two reasons: One is that a monthly
reference period was chosen to spotlight the effect of inter-annual revenue respectively
market value variations for the German case study. The other is differences in dispatch, i.e.,
changes from realized curtailments, that affect the LCOE of power plants, compared to an
ex-ante prognosis value which was used to determine the strike price (as it is defined in the
current German Renewable Energy Sources Act known as EEG support regime). These
effects cause an excess cost-recovery, particularly under one-way CfD.

In the Pan-European case, differences between ex-ante assumptions and ex-post out-
comes occur. This is due to (i) the yearly reference period and (ii) since the Pan-European
case also considers investment. Generally, it also finds an excess recovery of costs in the
scenarios studied since prices tend to increase due to an increased electrolyser activity.

Overall, this highlights different sources of uncertainties that occur for investors even
under the risk-mitigating instrument of CfD. A monthly reference period might facilitate the
market value respectively premium prognoses — yet, it cancels out the incentive to build
power plants with seasonal patterns that are desirable from a system perspective. It also
can lead to strong anticipations of clawback for strong monthly variations of market values
as observed in the German case study.

Regarding production-independent instruments, such as financial CfD, both case studies
find that this can help in removing distortive effects at the dispatch level and incentivize
more system-friendly dispatch patterns. The Pan-European case also showed that it may
steer investments towards system-friendly plant configurations. In the context of the Pan-
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European case, "system-friendly" refers to investments and dispatch strategies that align
closely with the grid's residual load, thereby reducing curtailment and enhancing grid stabil-
ity (Ueckerdt et al., 2013). For example, wind power plants with high market value (High
MV), which generate electricity during periods of higher demand or lower overall renewable
production, are considered more system-friendly as they complement the system's needs
better than plants with high full-load hours but lower market value.

Both case studies show that the cost to society (MPI #28) vary moderately depending on
the support instrument. They are highest for one-way CfD due to high support payments
and a lack of payback obligations. Conversely, they tend to be lowest for financial CfD de-
pending on the scenario and bidding zone. Hence, there is a trade-off between investment
de-risking (one-way CfD are generally a low-risk instrument, while financial CfD entails the
new risk of the deviation from the profile of the reference plant) and the costs to society.

Finally, both case studies demonstrate that the market revenues from renewable ener-
gies are highly contingent upon the future system configuration. This is particularly true for
the level of hydrogen prices as well as the level of flexibility in the system. The impact of
scenario assumptions outweighs the impact of policy assumptions in both case studies.

In order to assess the connection, interaction and cooperation between the different mar-
ket scales, a sensitivity analysis has been carried out for the Pan-European and German
case study. This sensitivity analysis studies the impact of different levels of interconnectivity
between Germany and its neighbouring countries.

To this end, new scenario variants are introduced for S1 and S4 that only vary in the
transmission capacity between Germany and its neighbouring countries:

i)  The "T+" scenario variants with higher interconnectivity assume a 50% increase in
transfer capacities relative to the base scenarios.

ii)  The "T-" scenario variants with lower interconnectivity assume a 50% decrease in
transfer capacities relative to the base scenarios.

Capacity mixes: Resulting capacities for the German market were optimized within the
Pan-European case study using Backbone (cf. Figure 13). Subsequently, the agent-based
model of the German case study was applied to simulate the effect of different CfD design
in each baseline scenario.
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Figure 13: Power generation capacities for different scenario variants of S1 and S4 in Germany.

The results show that an elevated level of interconnectivity is associated with a reduction
in domestic power generation capacity. Conversely, when the level of interconnectivity is
low, a greater number of PV plants are installed in Germany, along with more batteries, and
also more hydrogen plants in S4T-.

Wholesale electricity prices: In the following, the impact of transmission capacity
changes on wholesale electricity prices and market-based cost recovery for VRES plants
are described. This is done in two ways: first, from a pure dispatch-oriented perspective,
but considering different support instruments, as demonstrated in the German case study
(“GCS”); and second, additionally taking into account investment effects, as illustrated in
the Pan-European case study (“PEC”), not considering any support.

Figure 14 shows the average unweighted electricity prices across the scenario variants.
The data points on the left show the results of the PEC, while the data points on the right
show the results of the GCS for different support cases.

S1T-
® A SIT+

S4
100 S4T-
S4T+

110

90

80

70

Average electricity price in EUR/MWh
<
4
L]
€
L[}

PEC - NONE

GCS - NONE
GCS - MPFIX
GCS - 1-WAY-CFD
GCS - 2-WAY-CFD
GCS - CP

GCS - FIN-CFD

Figure 14: Average electricity prices across scenario variants.
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The impact of altered transmission capacities varies according to the underlying scenario
(S1 vs. S4), but the effects are consistent across the case studies (PCS and CGS). In the
S1 variants, wholesale market prices decrease with lower levels of interconnection. This is
due to the high share of domestic PV in S1T-, which leads to high levels of cannibalisation.
Conversely, wholesale market prices are higher in S1T+ with lower domestic production
capacity.

In the S4 variants, effects are reversed. Here, prices are higher with a lower level of
interconnectivity (S4T-). Since hydrogen is more expensive in the S4 scenario, they are
hardly built in the S4T+ scenario, where Germany can rely on electricity imports. In S4T-,
however, more hydrogen turbines are required to provide electricity when domestic VRES
supply is scarce. Therefore, they also become price-setting in a higher number of hours. In
terms of the impact of different support instruments, it is evident that two-way CfD results in
the highest market prices. This is because VRES operators in this case are more inclined
to avoid clawback by reducing their infeed in certain periods, which in turn drives up prices.

Please note that the level of prices differs between the GCS and the PCS particularly for
S1. This discrepancy can be attributed to a disparity in the way flexibilities are depicted in
the models employed by the two case studies. The GCS utilises the agent-based model
AMIRIS, while the PEC employs the optimisation model Backbone, where market prices
reflect hourly temporal and sectoral opportunity costs of flexibilities. AMIRIS has some lim-
itations when depicting multiple competing flexibility options, which is why it does not ac-
count for explicit bidding behaviour for storage units in the GCS. This may result in an un-
derestimation of the price impact of storages on wholesale prices, leading to lower market
prices in AMIRIS compared to Backbone.

Market-based cost recovery: here, the impact of interconnectivity on market-based
cost recovery of VRES technologies is outlined.

Figure 15 provides a summary of market-based cost recovery rates for onshore wind.
They range between 93% and 140%, depending on the scenario variant. As with average
electricity prices, cost recovery rates demonstrate similar trends. The highest cost recovery
rates are observed for the S4T- scenario, driven by elevated electricity prices due to higher
hydrogen turbine capacities with high fuel prices. Vice versa, higher interconnectivity in the
S4 scenario (S4T+) deteriorates cost recovery rates for onshore wind. Effects are reversed
in the S1 variants. Here, market-based cost recovery rates are stabilized by higher inter-
connectivity (S1T+), as cannibalisation decreases because of lower solar and wind capac-
ities required locally. Irrespective of the level of interconnectivity, higher cost recovery rates
are possible when two-way CfD are used, due to the price-increasing effect of higher mar-
ket-based curtailment in clawback periods.

Figure 16 shows the market-based cost recovery of newly installed large PV plants across
scenario variants. They range between 90% and 190%. Note that this type of technology is
not used in scenario S1T+. As a result of the cannibalisation effects previously outlined for
scenario S1T-, which has higher levels of generation from domestic PV, market-based cost
recovery is lower in S1T- compared to S1. In contrast, market-based cost recovery rates
are higher for any change in the transmission capacity compared to S4. This is due to the
implications on hydrogen prices, which are higher in S4T- and S4T+ compared to S4.
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Figure 15: Market-based cost recovery of  Figure 16: Market-based cost recovery of newly

onshore wind across scenario variants. installed large PV plants across scenarios?.

Again, please note the differences in price levels between the Backbone optimization
and AMIRIS simulation run which compared to the above differences in the average price
are not as pronounced because of the merit order effect of renewable generators.

Summary and conclusion: The sensitivity analysis yielded the following conclusions:

)
i)

ii)

Lower interconnectivity leads to higher domestic investments in PV and batteries in
S1 and additionally hydrogen turbines in S4.

The impact of interconnectivity levels on market prices and market-based cost re-
covery varies significantly depending on two key factors: the base scenario and the
VRES technology in question. If only VRES capacities, but not hydrogen turbine ca-
pacities are affected by the change in transmission capacity, which is the case for
S1, a lower level of interconnectivity has a deteriorating effect on the market-based
cost recovery of both onshore wind and PV due to higher cannibalisation.

For any level of interconnectivity, market-based cost recovery rates are highest for
two-way CfD, due to the clawback and the highest level of market prices in this case
(see also the discussion Section 4.3.2). This effect has been demonstrated to be
robust in this sensitivity analysis and throughout all scenarios considered in the Ger-
man case study.

1 Note that PV technology is not used in S1T+ due to higher interconnectivity reducing the need for local PV

investments, as increased reliance on imports mitigates domestic capacity requirements.
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This document, D5.5, provided an overview of the electricity market case studies de-
signed and addressed within TradeRES project and their impacts across multiple scales,
from local energy communities (LECs) to national, regional, and Pan-European wholesale
electricity markets. It explored how these different aspects influence economic efficiency,
environmental outcomes, and the integration of variable renewable energy sources (VRES),
grounding the case studies and the analysis conducted on real-world applications.

A summary and the discussion resulting from the different dimensions addressed in the
holistic analysis are presented below, together with the additional research identified in the
final stages of TradeRES project.

Local and wholesale energy markets: The analysis of the links of local energy mar-
kets (LEMs) with respect to wholesale (WS) markets highlights strengths and challenges
for each of the electricity trading scale. LEMs, which use decentralized systems like P2P
trading and dynamic pricing is set in place, give more control to prosumers and promote
self-sufficiency, normally leading to economic savings and better local energy use. This
flexibility allows LEMs to quickly adapt to local needs, creating outcomes that encourage
investments in local generation and storage. WS markets, in contrast, operate at a much
larger scale with centralized auctions focused on efficiency, reliability, and cost-effective-
ness across regions. While WS markets support broader system objectives, they may not
offer the same local incentives and signals found in LEMs.

Market indicators show that LEMs and LECs are effective in improving sustainability
through metrics like Local Energy Neutrality and Local Autarky, which encourage local re-
source use and demand response. Meanwhile, WS markets have been assumed in most
cases as not affected by the introduction of local structures, although, if scaled up some
volume will be removed. The broader systems objectives that are enraptured by the WM
market, aim to support the holistic management of the overall system costs, without seeing
the locational needs and values. Integrating LEMs with WS markets could bring together
the adaptability of local markets and the stability of regional networks to improve overall
performance. Both LEMs and WS markets offer paths for integrating vVRES, but this analysis
emphasizes the importance of carefully designing these markets to balance local benefits
with broader system goals.

Research Needs: Further research is needed to understand how best to integrate
LEMs within WS markets, including operational coordination and policy support for
local investments. Examining the long-term impact of real-time pricing and cooper-
ative self-consumption on costs and vVRES integration would be beneficial. Addition-
ally, exploring new market structures to support local flexibility while maintaining re-
gional stability could help future energy market development.

Environmental & Economic MPIs and vRES Support: The comparison of economic
MPIs, especially for the case of the Netherlands and Germany, revealed the strong influ-
ence of scenario parameters, such as the price for hydrogen or other commodities of mar-
ginal generators and the degree of demand-side flexibility. These factors in turn influence
price levels and through this, also the market-based cost recovery situation of VRES
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players. One robust finding was that, for the German case study and, in a much lower ex-
tent, for the MIBEL case, situations with insufficient market-based cost recovery of some
VRES technologies were observed, which highlights the need for support instruments, es-
sentially for derisking VRES investments. Nevertheless, alternatives for the direct market-
support instruments were investigated, e.g. in the MIBEL case study, it was observed that
an active and strategic participation of VRES players across different electricity markets,
including balancing markets, would strongly contribute to reducing, or even totally eliminate
this need.

Looking at the environmental MPIs, Germany exhibited high levels of curtailment rates,
particularly for offshore wind, which could be partly attributed to the fact that for this market
only DAM trading was addressed. In contrast, the MIBEL case, which benefited from the
participation of VRES in balancing services, experienced much lower curtailment levels.
Regarding economic MPIs, variations in system costs and average DAM prices were ob-
served across scenarios with different levels of flexibility. For example, higher hydrogen
prices were linked to increased electricity prices. The high challenges in market cost recov-
ery for VRES in both the Dutch and German cases, emphasized the importance of demand-
side flexibility to accommodate the non-controllable generation. On the other hand, for the
MIBEL case, characterized by high flexibility, showed the lowest electricity prices under high
VRES integration scenarios, demonstrating the value of system adaptability and flexibility
for near 100% RES markets. However, it is important to note that the differences in MPI
values were heavily influenced by the distinct modelling setups and scenario assumptions
used across the different case studies and specificities of the different models applied.

Research Needs: Future research should focus on refining the modeling of elec-
tricity markets, especially in terms of integrating balancing mechanisms and de-
mand-side flexibility across different market scales. Following the positive results
obtained with the active strategy of VRES patrticipation in different markets, further
work is necessary to explore how optimal division of energy “volumes” among dif-
ferent markets, as well as diverse policy frameworks can contribute to VRES inte-
gration and derisk the investment in these technologies, while reducing overall sys-
tems costs and energy curtailment. Additionally, deeper understanding the interplay
between hydrogen prices, VRES market cost recovery, and the level of flexibility
would provide valuable insights for designing more adaptive, future-proof market
systems.

New and Alternative Market Design Options: The introduction of a Period-ahead Mar-
ket (PAM) with a rolling 6-hour window clearing has been proposed as a new market design
and analysed for the case of MIBEL. In the study conducted, PAM demonstrated several
advantages over traditional Day-Ahead Markets (DAM), allowing for better vVRES integra-
tion, an increase in system efficiency (e.g., reducing the need for balancing and curtailment)
for MIBEL as well as improving VRES revenues. Thus, in the short term, PAM may be a
significant step forward in maintaining the scheduling of large thermal power plants and
positively impact the social welfare indicators due to enhanced price stability and lower CO2
emissions. However, in future systems with ~ 100% renewable power systems, as analysed
in some TradeRES scenarios, where conventional power plants are phased out, shorter
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lead times between market closure and delivery should be considered. For VRES players,
the (active) strategy of business design also revealed a potential benefit by enhancing mar-
ket-based remuneration through diversified revenue streams, revealing that small changes
to existing markets can have important benefits for vVRES players, at the same time as they
contribute to derisk the investment in those technologies.

In what concerns addressing support and derisking mechanisms for VRES, the German
and Pan-European case studies evaluate various CfD types and their influence in market’s
performance. For the dispatch time scale, curtailment effects of different CfD schemes have
been evaluated, and two-way CfD scheme has been found to increase curtailment and mar-
ket prices. Discrepancies between ex-ante expectations and ex-post realizations of support
parameters have been found to lead to deviations from a perfect cost recovery. This result
was also obtained for the investment time scale in the Pan-European case study. A general
trade-off between a maximum de-risking of investments (which can be achieved in a one-
way CfD scheme) and the provision of system-friendly investment and dispatch incentives
(which can be achieved by production-independent support instruments such as the finan-
cial CfD) has been found. It is important to note that this analysis assumes an almost "ideal"
parameterization of the support instruments. However, such support instruments differ, re-
garding associated ex-ante prognoses risks, which should be addressed in future research.

Research Needs: Despite the insights gained from the MIBEL case study, new mar-
ket designs such as PAM, along with the development of more active and dynamic
strategy of participation in different markets- for vVRES players, still require further
investigation and a cost-benefit analysis, especially in future vVRES-dominated
power systems. Additionally, further research is needed to the design of CfD, partic-
ularly by examining the impact of various reference periods, seasonal factors, and
ex-ante forecasting risks. The analysis in this study assumes an "ideal" parameteri-
zation of support instruments, but real-world applications often face significant fore-
casting and market volatility challenges, that were not taken into account. Address-
ing these factors in future research will help balance investment de-risking with cost-
effectiveness, ensuring that CfD and/or similar mechanisms remain robust and
adaptable in evolving market conditions.

Transmission capacity: In a dedicated analysis, the effect of altered transmission ca-
pacity between Germany and its neighboring countries was studied within both the Pan-
European and German case studies. Trends for prices and market-based cost recovery
were found to align across these cases, although differences in price levels could be at-
tributed to specific model characteristics and limitations. Lower transmission capacities
were associated with increased domestic installations of solar PV and batteries in Scenario
S1, along with additional hydrogen turbine installations in Scenario S4. The impact of the
interconnectivity levels on market prices and market-based cost recovery was shown to
vary significantly based on two key factors: the base scenario and the specific VRES tech-
nology in question. For instance, when only VRES capacities were affected by the change
in transmission capacity—as in Scenario S1—lower interconnectivity had a negative effect
on the cost recovery for onshore wind and PV due to higher cannibalization effects. Across
all levels of interconnectivity, market-based cost recovery rates were highest under the two-

Page 49 of 62



v Trade

way CfD mechanism, due to clawback effects and the elevated market prices observed in
this setup.

Research Needs: Further research is required to explore optimal interconnectivity
levels for balancing renewable integration and cost recovery across various market
scales. Additionally, examining the effects of CfD designs on different VRES tech-
nologies and how they interact with varying transmission capacities could yield in-
sights for more tailored and resilient market structures.

To finalize, it should be highlighted that, while D5.5 provides a comprehensive (and,
where possible) comparative analysis of case studies and their outcomes, it is essential to
recognize the inherent challenges posed by the differences in model setups, case study’s
contexts, and scenario assumptions across regions and market scales. These factors inev-
itably influence the robustness of cross-comparisons, yet the insights gained here identify
consistent trends and important factors that can guide the development of effective market
designs for high VRES integration.

In addition, it is important to consider this work, in connection with other key documents
of TradeRES project, namely D3.5, D6.4, and the Market Design Web-Decision Tool (Sub-
task 7.3.1), which collectively address complementary aspects of the market design for
power systems with high share of VRES. For instance, D3.5 third edition, outlines necessary
regulatory frameworks and strategies to secure a reliable and cost-effective 100% VvRES
system, D6.4 builds on WP5's findings to offer targeted recommendations for policy makers,
regulators, and stakeholders, and the Market Design Web-Decision Tool (H2020 TradeRES
project, 2024) enable stakeholders to explore and assess the effects of various market de-
signs on MPIs. Together, these resources offer a cohesive foundation for advancing resili-
ent and effective market designs that support the large-scale integration of VRES, at both
local and regional levels.
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According to the developments in the WP 2 of this project, the TradeRES scenarios
that have been defined differ based on demand and supply side parameters. The S; —
S, anticipate very high to almost 100% shares of VRES and at the same time differ with
respect to the level of demand flexibility and assumptions related to power generation
(e.g., thermal capacity, hydrogen power plants, curtailment, etc.). The so-called
TradeRES scenarios, used in the national/regional and pan-European case studies,
are: the “Conservative” (S,), the “Flexible” (S,), the “Variable” (S3) and the “Radical”
(S4). In addition, a Sp scenario was also established assuming 60% VRES penetration.
The timeline shown in Figure Al positions the scenarios to the key milestone years
and also indicates the Starting Point Scenario (SPS) that refers to a year prior to the
beginning of TradeRES project (i.e., the year 2019).

High level of
sector coupling and S2 flexible S4 radical
demand-side flexibility

Moderate level of
sector coupling and S1 conservative $3 variable
demand-side flexibility

Demand side flexibility

~85% wind + solar + hydro  >95% wind + solar + hydro

S0 base
~65% wind + solar + hydro Non-thermal supply capacity
No sector coupling

@ 2030 2050

— ® f & g
Starting Point TradeRES TradeRES
Scenario Scenario Scenarios
(SPS) So 5,55, 54

Figure Al. Allocation of TradeRES scenarios on the timeline.

The scenarios developed within TradeRES serve as critical inputs to the mod-
els, with their outputs closely tied to the underlying assumptions. Detailed infor-
mation on the Starting Point Scenario (SPS), Reference Systems, and Market
Design Bundles, which form the basis for benchmarking and scenario develop-
ment, is available in D5.3 (Estanqueiro et al., 2022). These elements are founda-
tional to the analysis presented in this deliverable, and the terminology outlined
in Box 1 is adopted throughout.
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Scenario within TradeRES refers to a structured input data collection that
encapsulates certain properties of the underlying future energy system.

Box 1: TradeRES Scenarios definitions \

TradeRES scenarios:

e SPS - Starting Point Scenario (2019).

e S, —60% VRES penetration (2030);

o S, —the “Conservative” scenario; very high VRES shares
(2050);

o S, —the “Flexible” scenario; very high VRES shares (2050)
and a highly flexible demand;

e S; — the “Variable” scenario; almost 100% VRES shares
(2050);

o S, — the “Radical” scenario; almost 100% VRES shares
(2050) and a highly flexible demand.

Reference System within TradeRES refers to the structured collec-
tion of data that are complementary required by the agent-based
models either for being explicitly used in the simulations or to be uti-
lised as basis of comparison.

TRS - TradeRES Reference System is the Reference System cre-
ated by the optimization models for Sy — S,.

SPRS - Starting Point Reference System is the Reference System
that uses data and conditions of 2019.

“Market Design Bundle” within TradeRES refers to a combination of
Market Design Options that are to be studied and jointly evaluated in

a case study. /
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This annex provides an overview of the scope, model limitations, and simulation
constraints associated with the case studies conducted within the TradeRES project.
This contextual information is essential for accurately interpreting the results, under-
standing the context in which they were derived, and recognizing the assumptions and
constraints that may influence their applicability. This approach enables stakeholders
to assess the robustness and applicability of the results, facilitating a robust assess-
ment of the outcomes across various scenarios and market designs.

B.1 Backbone Input Data (Based on WP2)

Four carbon-free scenarios (S1, S2, S3 and S4) and one intermediate energy sys-
tem setup (SO0) on the path to decarbonization were created, as described in Delivera-
ble 2.1 (Helist6 et al., 2020). The scenarios include exogenous assumptions on ine-
lastic electricity demand and industrial hydrogen demand, as well as assumptions on
the consumption and flexibility of electric vehicle charging and heating and cooling of
buildings.

Generation and storage technologies cover onshore and offshore wind, utility-scale
and rooftop solar photovoltaics, concentrating solar power, run-of-river hydro, reservoir
and pumped hydro, battery energy storage systems, hydrogen storage, and thermal
power plants, comprising biofuel, waste and nuclear power plants as well as hydrogen-
fired combined cycle and open cycle gas turbines. Scenario SO also includes some
fossil power plants. Investments in new electricity generation capacities were limited
according to natural potentials. In addition, investments in storage options and electro-
lysers were allowed.

The input data, which is available in Zenodo (Helisto et al., 2024), covers all EU27-
countries with the exception of Malta, but including Great Britain, Switzerland and Nor-
way. Some countries are aggregated together, and the resulting model consists of 19
“bidding zones”, which are connected by exogenous electricity and hydrogen trans-
mission capacities. All load and capacity factor time series reflect the weather year
20109.

The four scenarios S1, S2, S3 and S4 vary three key factors:

e The level of flexibility of the supply-side: A certain share of non-thermal renewables
(wind, solar, hydro) is enforced at a Pan-European level. In S1 and S2, this share
is kept at 85% of annual electricity demand, while it is increased to more than 95%
of annual electricity demand for S3 and S4.

e The level of flexibility of the demand-side: Demand-side flexibility is increased in
scenarios S2 and S4 compared to S1 and S3 by increasing the share of electric
vehicles that participate in demand response and by including auxiliary fuel boilers
in buildings.

e The degree of coupling between the hydrogen and power sectors: The import price
of hydrogen from outside Europe is increased in S2 and S4 (€117/ MWh) compared
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to S1 and S3 (€45/MWh). A higher import price makes domestic hydrogen produc-
tion more attractive and hence, increases investments in electrolysers in Europe.

Backbone is an adaptable energy system modelling framework, which can be used
for creating and analysing optimised systems based on given assumptions. In
TradeRES, the five scenarios were first run with Backbone in the capacity expansion
mode, with representative weeks, to optimise investments in electricity and hydrogen
production capacities and storage options. After the capacity expansion planning
stage, the operation of the resulting capacity mix in each of the scenarios was subse-
quently optimised in the production cost modelling stage.

B.2 Local Energy Communities: Case Study A

For Case Study A, detailed information on the scope, model limitations, and simu-
lation constraints is not included in Annex B of this deliverable due to the complexity
and breadth of the analyses conducted. This case study involved over 15 subcases
and submodels, each with unique characteristics, assumptions, and constraints. Com-
piling this information comprehensively for the annex would not only exceed the scope
of this deliverable but also risk oversimplifying key details. However, a thorough ac-
count of these aspects is provided in Deliverable D5.2 (Helleik Syse et al., 2024),
where the scope of Case Study A, along with its subcases and submodels, is exten-
sively documented. Readers seeking more granular insights into this case study are
encouraged to refer to D5.2 for a complete understanding of the methodologies, limi-
tations, and results specific to Case Study A.

Therefore, for more information about the scope and details of the models used for
case study A, see Tables 2-4 (page 26-29) in D5.2 — Performance assessment of cur-
rent and new market designs and trading mechanisms for Local Energy Communities
(Case Study A), ver. 2 (Helleik Syse et al., 2024).

B.3 National and Regional Markets

This section outlines the scope, model limitations, and simulation constraints for the
national and regional market case studies conducted within TradeRES. Each case
study reflects national/regional characteristics and modeling approaches, providing in-
sights into the performance and adaptability of different market designs.

B.3.1 The Netherlands: Case Study B

The Netherlands case study examined the impact of the different TradeRES sce-
narios on the Dutch Day-Ahead market (DAM) and compared alternative market de-
signs against the current energy-only market.

Modelling approach and limitations: The approach followed in this study com-
prises the utilization of two models with distinct scopes to address different objectives:

1) COMPETES-TNO model: generated benchmark results for the Dutch Day-Ahead
Market and provided data inputs to,
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2) AMIRIS-EMLabpy model, an agent-based model employed to explore market dy-
namics of alternative market designs. A detailed comparison of these models is avail-
able in Chapter 3.1 of D5.3 (Estanqueiro, Couto, Algarvio, et al., 2024).

The combined used of AMIRIS and EMLabpy aimed to mitigate the myopic invest-
ment decision-making in EMLabpy’s simulations, by integrating the high-resolution op-
erational time scale of AMIRIS to model demand flexibility. AMIRIS-EMLabpy evalu-
ated the impact of different capacity remuneration mechanisms and compared them
with the current market design. However, the AMIRIS-EMLabpy model comprises only
the Dutch market and does not include cross-border electricity trade due to computa-
tional constraints. Additionally, risk aversion and market power were not considered,
which could potentially affect market performance.

COMPETES-TNO optimizes the European power system and includes cross-bor-
der trade in its simulation of the Dutch electricity market in its investment decisions.
This model produced two sets of results for the Dutch market: one considering cross-
border connections with other regions, and another assuming market isolation for com-
parative analysis with the AMIRIS-EMLabpy outcomes, and to provide input data to it.
COMPETES-TNO'’s results show that considering cross-border energy flows reduces
the need of approximately 25% of the generation capacity estimated in AMIRIS-EM-
Labpy. One limitation of the COMPETES-TNO model is that investment decisions do
not account for uncertainty and risks inherited to weather variability of different years,
causing myopic investment decisions.

Scenario and input data assumptions: The scenario simulations carried out both
in COMPETES-TNO and AMIRIS-EMLabpy were based on the Backbone data, such
as technology and fuel costs, and VRE potentials. For Dutch generation capacities, a
detailed thermal power plant database from the Climate and Energy Outlook (KEV) of
the Netherlands was used for the simulations carried in COMPETES-TNO. Addition-
ally, an assumption was made regarding nuclear capacity, extending the lifetime of the
Borssele nuclear plant up to 2050, instead of its currently planned decommissioning in
2033, given ongoing political decisions regarding nuclear in the Netherlands.

B.3.2 Germany: Case study C

An in-depth description for the German case study can be found in chapter 3.2 of
D5.3 (Estanqueiro, Couto, Algarvio, et al., 2024). For the German case study, the
model AMIRIS has been applied. Further information on AMIRIS can be found in D4.5,
Schimeczek et al. (2023) as well as on the landing page https:/dir-
ve.qitlab.io/esy/amiris/home/.

Countries and Markets: For the German case study, the Federal Republic of Ger-
many has been assessed. The resolution has been country- resp. market-zone wide,
as of today, Germany has a single market zone. Import and export flows for cross-
border electricity trade have been passed as exogenous inputs to the model. The bid-
ding behaviour and resulting market outcomes at the day-ahead market has been stud-
ied, whereby an hourly clearing was assumed, and forecast errors were not explicitly
considered.
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Modelling Approach: AMIRIS is an agent-based simulation model. It focuses on
strategic bidding and dispatch decision-making. All information is only accessible for
the respective agent and all information exchanges and actions are controlled by con-
tracts between different agents in the system. Financial flows from markets or support
payments are explicitly modelled.

Scenario characteristics: Scenario data for the German case study was obtained
from the model Backbone for the scenarios described in Section B.1 above. The ca-
pacity mix for the scenarios is depicted in Figure B1. The capacity mix is dominated by
PV and batteries, particularly in the case of the flexible scenarios S2 and S4. In con-
trast, the less flexible scenarios (S1 and S3) require more backup capacity in the form
of hydrogen turbines. Other scenario data, such as cost information or vRES feed-in
potentials has also been aligned with the Backbone model.
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Figure B1. Installed power generation capacities in Germany per TradeRES scenario

Market design elements studied: The focus of the German case study has been
on VRES support. Different kinds of VRES support schemes have been studied. These
comprise: a fixed market premium, a one-way Contracts for Difference (CfD) and a
two-way CfD with a monthly reference period, a capacity premium as well as a financial
CfD. A more detailed description of the support schemes can be found in chapter 3.2
of D5.3 (Estanqueiro, Couto, Algarvio, et al., 2024).

Assumptions and limitations: Currently, AMIRIS faces some limitations in the
representation of multiple competing flexibility options. The dispatch of hydrogen elec-
trolysers as well as industrial demand-side response, i.e. load shedding, is explicitly
modelled in AMIRIS. However, the hourly dispatch of other flexibilities, such as stor-
ages, flexible heat pumps and electric vehicles, is extracted from Backbone and it is
ensured that the same dispatch pattern is applied within AMIRIS.

Concerning the heterogeneity of VRES projects, this is not explicitly depicted as the
focus is on average configurations within the system instead of detailed actor-specific
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cost-benefit analyses. Furthermore, perfect foresight is assumed throughout the sim-
ulations, i.e. forecast errors are not accounted for. Also, opportunities at subsequent
market stages, such as the intraday market or balancing markets, are not yet depicted.

B.3.3 MIBEL (Portugal/Spain): Case study D

An in-depth description of the MIBEL case study can be found in chapter 3.3 of D5.3
(Estanqueiro, Couto, Algarvio, et al., 2024). For the MIBEL case study, a soft-linking
of the Multi-Agent System for Competitive Electricity Markets (MASCEM) and the Multi-
agent Trading of Renewable Energy Sources (RESTrade) model was applied. Further
information on both models can be found in D4.5, Schimeczek et al. (2023)

Countries and Markets: For the MIBEL case study, the control zones of mainland
Portugal and Spain were analyzed, resulting in the consideration of two market zones.
The day-ahead and intraday markets account for both countries, while the balancing
markets are executed separately for each country, reflecting the current practice.

Import and export flows for cross-border electricity trade were treated as exogenous
inputs to the model, based on the existing cross-border capacities in the SO scenario.
For the S1-S4 scenarios, the same approach was used, however, cross-border capac-
ity was assessed hourly using a dynamic line rating approach. This method increases
cross-border capacity during most of the analysed hours.

The bidding behaviour and resulting market outcomes in the day-ahead, intraday,
and balancing markets were studied, assuming hourly market clearing. The bidding
process try to mimic the real behaviour of the electricity markets. Therefore, bid prices
are determined by multiplying the respective technology’s marginal cost or water value
by a random factor within a specified range (+/-10%, batteries (charge and discharge),
biofuel, electrolyser, gas, hydro discharge, load, nuclear, other non-renewable and re-
newable sources, as well as pumped hydro storage (PHS) for both charging and dis-
charging). On the other hand, there are technologies with fixed factor, including de-
mand side response (DSR), electric vehicles (EV), run-of-river hydro (ROR), solar
CSP, solar PV (both residential and large-scale), wind (onshore and offshore), hydro-
gen turbines, and residential heating and cooling system. The corresponding range
varies according to the unit’s technology type. Thus, bid prices fluctuate within the
same technology, aiming to introduce price volatility and competitiveness among play-
ers of the same technology, trying to represent real-world scenarios. VRES technolo-
gies bids in the different electricity markets are based on power forecasts, according
with the methodologies developed in TradeRES

Modelling Approach: The modelling approach implemented in Iberian case study
can be seen in Figure B3. The approach uses the MASCEM and the RESTrade models
and simulation tools.
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Figure B3. MASCEM-RESTrade coupling workflow.

The implementation of the intra-day market in the MASCEM simulator follows the
model used in the MIBEL market. The results of the case study assume that only one
period is negotiated in each intra-day session. However, in reality, it is possible to ne-
gotiate for different hours within the same session.

Scenario characteristics: Scenario data for the MIBEL case study was also ob-
tained from the model Backbone for the scenarios described above. The capacity mix
for the scenarios is depicted in Figure B4. The capacity mix is dominated by solar PV
and onshore wind, (onshore) power generation, particularly in the case of scenarios
S3 and S4 for Portugal, and S2 and S4 for Spain. Scenarios S2 and S4 require a higher
installed capacity for Spain, while S3 and S4 present higher VRES capacities.
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Figure B4. Installed power generation capacity by technology in Portugal (on the left) and
Spain (on the right) per scenario.
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Assumptions and limitations: The main limitations of the MIBEL case study con-
cern the: 1) input data, 2) energy and price bidding, 3) demand flexibility, 4) represen-
tation of the transmission and distribution grids and 5) stationary hourly dispatch and
control.

1)

2)

3)

4)

5)

Input data: This study relies on the data provided by Backbone. It considered
the technical and economical characteristics of the technologies presented in
Backbone for Portugal and Spain. The study used the MIBEL market participants
of 2022 adapted to the capacities of scenarios S0-S4. The number of used
agents represents market participants but not their unique characteristics, i.e.,
their technical, economical and operational features, such as their grid location.
The players are aggregated by type, i.e., technology, EV, etc., being the charac-
teristics equal to all. It was only considered two market zones, Portugal and
Spain, with one node each connected by a tie-line. However, it was not consid-
ered the technical characteristics of the tie lines nor computed the power flow
between countries. It was not considered the cross-border exchange with France
and Morocco.

Energy and price Bidding: Bids are submitted based on the marginal prices of
the technologies, water values, battery storage and H2 prices. Despite significant
efforts to produce realistic input data, the full competitiveness of market players
was not applied. Bid prices were determined by multiplying each technology's
marginal cost or water value by a random factor within a specified range and did
not take into account specific market conditions. Additionally, the strategic bid-
ding approach for vRES players remains static throughout the year. The strategy
for these players only considers the volume of energy offered in (i) day-ahead or
period-ahead markets and (ii) balancing markets. No complex offers were used.
Forecasts are computed based on the representation of some onshore wind
parks and solar PV in Portugal being the others aggregated in a single agent. In
Spain, Onshore wind and solar PV are represented by players in different spatial
areas. The remaining capacity in both countries is represented by aggregated
players per country and technology. Inflexible demand is aggregated per country.
Forecasts are computed for these players but not for CSP, decentralized solar
PV and offshore wind. So, was not considered the deviations of these technolo-
gies.

Demand flexibility: It was considered the prices and quantities of the flexible
demand from Backbone except for aggregated pumping prices, and, battery,
PHS pumping, electrolyzers and DSR activation quantities. So, the behaviour of
some of the demand flexibility, such as EV and heat, was not modelled in the
MIBEL study, using the Backbone's outputs.

Transmission and distribution grids: It was not considered the impact of in-
ternally congested distribution and transmission grids in markets. It was com-
puted the aggregated hourly seasonal and dynamic line ratings of all tie-lines
connecting Portugal and Spain. Therefore, it was not considered the congestion
of specific tie-lines nor the computation of the power flow in Portugal and Spain.
Dispatch and control: It was not used a dispatch model nor considered the
operational characteristics of the players, e.g., ramp rates. The dispatch was
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validated based on an hourly energy balance between demand and supply. In
balancing markets, it was not considered the frequency control, new stationary
hourly deviations were assigned to secondary control and the others (long devi-
ations) to tertiary control.

B.4 Pan-European wholesale electricity: Case study E

Case study E conducts analyses based on the output of the Backbone model for
the Pan-European market. First, it should be highlighted that the scenarios are created
to identify price dynamics in future markets rather than providing recommendations for
an ideal system design or to estimate total system costs. That is because of several
simplifications that were made to allow for covering a large technological and geo-
graphical scope, while keeping optimizations computationally tractable. They are laid
out in detail in Section 3.4.1. of D5.4. (Johanndeiter, Schmidt, et al., 2024) and mainly
concern that some capacities in our model are endogenous, while others are exoge-
nously given.

Furthermore, our optimization workflow consisting of an investment expansion
based on samples and with a constraint on non-thermal renewable shares, followed
by rolling-horizon optimization also leads to the result that — as opposed to standard
linear programming optimization problems — investments in new capacities do not nec-
essarily result in zero profits. We argue that this method better reflects a short-term
equilibrium in a competitive electricity market with imperfect foresight and policy tar-
gets, while the rolling-horizon represents operational conditions, particularly for long-
term storage, more realistically. Therefore, the ex-post analysis of resulting profits pro-
vides interesting insights on revenue risks of investors in future markets. Similarly, the
investment optimization for the analysis of CfD design does not perfectly reflect inves-
tor behaviour, as strike prices are calculated based on one particular market scenario,
while the modelled investment decisions implicitly contain updated market information.
Furthermore, we require additional assumptions to model investments under the basic
CfD, which are laid out in more detail in (Johanndeiter, Helisto, et al., 2024).
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