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Executive summary 

The present deliverable was developed as part of the research activities of the TradeRES 

project Task 5.3 – Performance assessment of current and new market designs and trad-

ing mechanisms for National and Regional Markets. This report constitutes the second 

edition of deliverable 5.3, which provides the final assessment of the market performance 

using the newly developed designs and products, implemented within TradeRES project 

for the national/regional markets for carefully selected scenarios of energy transition tar-

geting at (near) 100% renewable energy electric power systems. As in the first edition of 

D3.5, this assessment is performed by applying (key) market performance indicators 

(MPIs) previously defined within TradeRES to address the research questions of the pro-

ject in a quantitative manner. 

Three computational studies focusing on national/regional electricity markets are ana-

lysed. Two related to Central European national markets - EPEX SPOT: the Netherlands 

(case study B) and Germany (case study C), and one regional, related to the Iberian elec-

tricity market – MIBEL (case study D). The electricity markets’ studies are conducted us-

ing different models and computational systems: Case study B was studied using COM-

PETES, EMlabpy and AMIRIS; Case study C by applying AMIRIS and finally, Case study 

D, by simulating the Iberian markets with MASCEM and RESTrade. Those models and 

simulation platforms were fully described in the deliverables produced within WP 4 - De-

velopment of Open-access Market Simulation Models and Tools. 

Each national/regional case study of Task 5.3 dedicated itself to study different aspects 

of the electricity markets, and formulated research questions answered through the simu-

lations performed within this Task, as presented below. 

Dutch case study: The main research question addressed by the Netherlands case 

study B in this report are: 

• To what extent can an energy-only market provide system adequacy for a re-

newable electricity system?  

• How do capacity mechanisms perform in a renewable electricity system? 

To answer these questions, a coupled AMIRIS-EMlabpy model approach for a baseline 

scenario is used allowing to test different market design bundles. The power system opti-

mization and economic dispatch optimization model COMPETES-TNO will be used to 

obtain the reference system outcomes. In this case study, the design bundles are: i) an 

energy-only market without vRES targets – designated as EOM – and ii) the energy-only 

market with vRES targets– designated as EOM_VRES. The results are obtained for the 

period between 2019 and 2050.  

The results indicate that an energy-only market design will not lead to an adequate lev-

el of investment in a future, low-carbon electricity market. One reason is that if such a 

market is to provide the level of reliability of power supply to which society currently is 

used, the volume of generation capacity and energy storage need to be dimensioned for a 

period with unusually low renewable energy generation and low temperatures (leading to 

high demand). This means that the rest of the time, this energy market will be somewhat 

over-dimensioned, which means that if the market is competitive, not all investment costs 

will be recovered. 



    

Page 4 of 121 

A second, more general, reason why an energy-only market may fail to produce suffi-

cient investment is that investors do not have perfect foresight while new projects take a 

number of years to complete. As a result, power shortages may not always be anticipated 

correctly, and the market is not able to relieve them immediately due to the construction 

time of new power plants. An important factor is that the use factor of controllable capacity 

will decline when the share of renewable energy generation increases. This makes the 

business case for controllable capacity increasingly dependent on short price spikes in an 

energy-only market design. This increases the investment risk and may therefore contrib-

ute to a lack of investment. 

All investigated capacity remuneration mechanisms are able to improve welfare by im-

proving system adequacy. A strategic reserve, however, distorts the merit order and has 

the most limited benefit. It is mainly useful as an instrument to keep unprofitable power 

plants in the market, e.g. to keep natural gas plants open during the transition until suffi-

cient carbon-free controllable capacity has been built. A capacity market performs bet-

ter but provides limited incentives for storage and demand response. Capacity subscrip-

tion – essentially, a decentralized capacity market in which all consumers, including 

households, purchase capacity contracts – solves this problem, but has as a shortcoming 

that the length of contracts with households is limited to one year. One-year contracts do 

not provide sufficient investment risk reduction. Capacity markets can be designed to pro-

vide long-term contracts to new investments, as has been done in the UK. Another option 

is for a government-owned or controlled entity to purchase long-term capacity contracts 

from generators and sell them at cost as annual contracts to consumers. This entity there-

fore absorbs the volume risk, i.e. it bears the risk of over-contracting. If only carbon-free 

controllable capacity is purchased, this risk is small.  

An interesting observation in this study is that future power prices will increasingly be 

determined by the willingness to pay of power consumers. In particular, if the demand for 

green hydrogen develops according to the current policy objectives, the price of electricity 

will be determined by the willingness to pay for electrolyzers for a large number of hours 

per year. In other words, electrolyzers may absorb a large part of the renewable energy 

surplus generation. This may offset the ‘canibalization’ effect – by which competition be-

tween renewable energy generators drives the price of electricity to zero – to a large ex-

tent. The degree to which this will actually happen will depend on the cost of electrolyzers, 

the ability to store hydrogen, and the demand for hydrogen. 

German case study: The main research question to be addressed within the German 

case study included in this report is “Are renewable energy sources (RES) remunera-

tion support schemes needed and if so, how should they be designed?”. To answer 

this question, the agent-based model AMIRIS is used to compute and compare various 

MPIs across different scenarios. Different support instruments are considered and com-

pared to a situation with no support for RES, namely: i) fixed market premium with fixed 

payments on top of market revenues ii) one-way Contracts for Difference with price-

variable payments on top of market revenues; iii) two-way  Contracts for Difference  with 

price-variable payments on top of market revenues and an obligation to pay back in case 

of high prices; iv) capacity premium with payments per installed capacity; and v) financial 

Contracts for Difference with payments per installed capacity and a pay-back obligation 

for revenues generated by a reference plant. 
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The results of the German case study demonstrate a large range of market-based 

cost recovery rates for RES. The cost recovery rates vary significantly depending on the 

scenario and policy instrument, ranging from 37% to 98% for PV and from 72% to 151% 

for onshore wind. Therefore, the results are highly dependent on the underlying assump-

tions of the scenarios. In particular, the flexibility of demand and the price of imported 

hydrogen have a significant impact on market outcomes. It is evident that this has a 

considerably more pronounced effect on cost recovery rates than the support instruments 

themselves, given the nearly "ideal" parameterisation that underlies the analysis. 

The German case study further reveals that the examined support schemes result-

ed in full cost recovery in all cases investigated, thereby reducing the risk associ-

ated with investments. It is notable that two-way Contracts for Difference result in a 

greater level of vRES curtailment when compared to other support schemes. This leads to 

elevated prices and enhanced market-based cost recovery rates. Moreover, the findings 

indicate that instruments that do not distort dispatch (capacity premium, financial Con-

tracts for Difference) result in a consistently higher level of wind offshore curtailment. 

In terms of support costs one-way Contracts for Difference were found to perform worst 

due to the missing clawback obligation in months when market values exceed the produc-

tion costs. For production-dependent Contracts for Difference, i.e., one-way and two-way 

Contracts for Difference, an over-support was found. This can be explained by two fac-

tors: monthly variations in income and an anticipation of clawback as well as a mismatch 

between ex-ante anticipated market values and realized ex-post market-values after cur-

tailment. In terms of the total costs that need to be borne by end users, the production-

independent financial Contracts for Difference is found to perform best. 

Iberian case study: The main research question addressed in the Iberian case study 

is “How can short-term markets be made more efficient in order to better integrate 

short-term vRES fluctuations?”. To answer this question, the agent-based models 

MASCEM and RESTrade are applied to different energy mixes, whose installed capacities 

were obtained by applying optimization models (work package 2), in energy transition 

scenarios comprising a time horizon from 2030 to 2050.  

MIBEL market comprises two countries - i.e., Portugal and Spain - among the ones 

with a higher penetration of vRES in the power system in Europe. To study MIBEL’s short 

markets behaviour five different scenarios were considered: one for 2030, taken as a ref-

erence scenario and four for 2050, with varied combinations of the i) percentage of vRES 

and ii) the degree of demand flexibility. For the 2030 scenario, two pricing vRES strategies 

were applied to explore the potential vRES benefits from the diversification of revenue 

streams: a simple bidding and a strategy bidding. Under the simple approach, the entire 

vRES power forecast is bid in the day-ahead market (DAM). In contrast, in the strategy 

bidding the agents allocate 20% of the vRES forecast power to the balancing market, with 

the remaining 80% being bid in the day-ahead market.  

Additionally, a new market design, designated as period-ahead market (PAM), was an-

alysed. This new design requires power forecasts for shorter time horizons (6 hours) when 

compared with DAM (24 hours) taking advantage of the reduced error forecast for shorter 

time horizons, thus benefiting vRES by reducing their imparities.  
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In the 2030 scenario, the economic MPIs show how different market designs and bid-

ding strategies influence overall costs. While the simple bidding in the DAM offers lower 

operational costs, by allowing the participation of vRES in the ancillary services, the strat-

egy bidding simulations can enhance higher vRES remuneration, thus may lead to higher 

market prices and overall systems costs. The strategic implementation in the PAM pre-

sents a more balanced situation between market efficiency and lower prices, especially 

beneficial for the large integration of vRES technologies into the electricity markets.  

Technical MPIs show that Portugal achieves 100% RES-based electricity by 2050, 

while Spain reaches up to 97.2% in scenarios with highest flexibility. Higher demand flexi-

bility reduces balancing needs and short-term uncertainties. Economic indicators show 

that scenarios with more demand flexibility (S2 and S4) have higher total system costs 

due to storage and vRES investments, but these scenarios present lower DAM prices. 

Socially, consumer welfare surpasses producer welfare across all scenarios. This differ-

ence reduces as the demand flexibility increases. Overall, more flexibility supports better 

vRES integration and reduces certain costs (e.g., penalties paid by vRES players in the 

balancing markets) but increases total system expenses. Although further work is re-

quired, the simulations conducted in the Iberian market enable to indicate that slight modi-

fications in existing market designs - such shorter gate closure times as in the PAM simu-

lated and promoting vRES participation in intraday and balancing mechanisms - facilitates 

the integration of these technologies in market environments, while alleviates the need to 

governmental derisking measures, e.g., CfDs, under nearly 100% renewable power sys-

tems. 
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1. Introduction 

The present deliverable was developed as part of the research activities of the TradeRES 

project Task 5.3 – Performance assessment of current and new market designs and trad-

ing mechanisms for National and Regional Markets under Work Package 5, “Performance 

assessment of the market(s) design(s). Application of the open-access tools to character-

istic case studies” - a key work package that relates to all main work packages (WPs) of 

this project, as illustrated by Figure 1. 

 

 

Figure 1. WP5 interactions within TradeRES project. 

 

This report is the second edition of deliverable D5.3 of the TradeRES project. It aims to 

present and analyse the results of three studies investigating the performance of new de-

signs bundles for national respectively European regional electricity markets. In the first 

edition of D5.3 [1], the results were preliminary and used mainly for testing, verification, 

and calibration of electricity market models to achieve close-to-real-world results. In this 

second edition, the focus is on the final market design bundles and products, using the 

latest version of the tools developed in WP 4, the TradeRES scenarios developed in WP 2 

and the feedback from workshops and consultation to stakeholders achieved in WP6. 

The work reported was conducted in the context of task T5.3, which focuses on three 

computational studies, two related to the Central European market - EPEX SPOT, and 

one related to the Iberian electricity market - MIBEL. The studies were conducted with the 

help of different computational systems: COMPETES-TNO, AMIRIS, EMLabpy, MASCEM 

and RESTrade. To contextualize the report in terms of both market design and operation, 

particularly, the need to consider new market design elements, in the following, a brief 

overview of the main driving force behind the growing need to study current markets and 

analyse their outcomes are provided. 

The energy landscape is currently being shaped by three mega-trends, commonly re-

ferred to as the “three-D’s”—Decarbonisation, Decentralization and Digitalization. In par-

ticular, renewable generation has grown significantly during the past decades, surpassing 

all expectations, and this growth is expected to continue during the coming years. Con-

ventional (fossil-fuelled) power plants connected to the transmission grid are increasingly 

being phased-out and, at the same time, non-traditional (variable renewable energy sys-

tems – vRES) connected to the distribution grid are increasingly being part of the supply 

mix. In addition, distributed energy resources that can serve as both demand and supply 

or flexible demand (e.g., electric vehicles, batteries and heat pumps) are becoming mar-
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ket-ready and end-users are increasingly transforming from passive consumers into 

prosumers. 

The unique characteristics of vRES - more variable, less predictable and decentralized 

when compared to traditional generation - create unique challenges in the design and 

operation of electric energy markets. These include, among others, the following two key 

aspects: i) the need to incentivize increasing levels of flexibility in a cost-effective way to 

manage the rising variability and uncertainty of the net load, and ii) the need to ensure 

revenue sufficiency for achieving long-term reliability and re-investment. At present, it is 

unclear whether, or not, current markets based on the traditional and existing design will 

be able to evolve in a form adequate to mitigate the impact of the rising penetrations of 

renewables. Simply put, there is a growing need to study the operation and outcomes of 

current markets and to analyse the need to adapt current market rules to new market real-

ities.  

According to the developments of WP 2, the TradeRES scenarios that have been de-

fined differ based on demand and supply side parameters. More specifically, which aims 

to capture a key milestone of the transition, the scenario foresees high penetration of re-

newable energy sources. The 𝑆1 − 𝑆4 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.). These are the “Conservative” (𝑆1), the “Flexible” (𝑆2), the “Variable” (𝑆3) and the 

“Radical” (𝑆4) so called TradeRES Scenarios. The timeline shown in Figure 2 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). 

 

 

Figure 2. Allocation of TradeRES scenarios on the timeline. 
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The scenarios developed within TradeRES play a significant role on the process as 

they constitute the inputs fed to the models and consequently the outputs have a strong 

dependence of their assumptions. The scenario formation was developed under WP 2, 

where the TradeRES Scenarios were constructed using SPS – the starting point scenario 

- as a basis departure scenario, as depicted in Figure 3. For the national/regional case 

studies specifically, as the figure shows, the WP 5 models need also inputs related to the 

Reference Systems and the Market Design Bundles.  

The TradeRES Reference Systems refer to the outputs of the optimization models that 

are used in TradeRES to identify an “optimal power system mix” in the long run under the 

TradeRES Scenarios. Such a Reference System can include, but it is not limited to, gen-

eration and storage capacities, i.e., results of the optimal investment planning, and optimal 

operational outcome, e.g., dispatches, marginal prices, imports/exports, etc. For the SPS, 

instead of the optimization model outcomes, the corresponding Reference System, the so-

called Starting Point Reference System (SPRS) was populated with observed data from 

2019 and this information used for benchmarking the agent-based models. The initial re-

sults for this SPS/SPRS scenarios were presented in the first edition of D5.3 [1]. 

The Market Design Bundle refers to the collection of market design options as identi-

fied in WP 3 and were implemented in the simulation tools developed in WP 4. The mar-

ket design options that are considered to coexist are non-mutually exclusive, may refer to 

a different category and/or aspect and form the market design under consideration. The 

Baseline Bundle, which is to be used in conjunction with SPS and SPRS for setting up the 

benchmarking experiment, can contain the minimal and/or already implemented market 

design options. 

 

 

Figure 3. National/Regional case studies modelling process. 

 

By summarizing the discussion around Figure 3, the usage of terms depicted in Box 1 

is adopted. 
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Against this background, the main objective of this deliverable is to describe and ana-

lyse in detail the results of the following three computational studies:  

• Study B1 (the Netherlands): studying the Dutch market (EPEX SPOT NL) and using 

the soft-linking AMIRIS-EMLabpy the aim is to analyse if an EOM will be sufficient to 

 

 
1 In this project, the case studies and respective reports are divided by spatial scope: case study A - Local 

Energy Communities; case studies B to D - National and (European) Regional Markets; case study E - Pan-
European wholesale electricity. 

Box 1: TradeRES Scenarios definitions 

 

Scenario within TradeRES refers to a structured input data collection that en-

capsulate certain properties of the underlying future energy system. 

 

TradeRES scenarios: 

• SPS - Starting Point Scenario (2019). 

 

• 𝑆0 – 60% vRES penetration (2030); 

• 𝑆1 – the “Conservative” scenario; very high vRES shares (2050); 

• 𝑆2 – the “Flexible” scenario; very high vRES shares (2050) and a 

highly flexible demand; 

• 𝑆3 – the “Variable” scenario; almost 100% vRES shares (2050); 

• 𝑆4 – the “Radical” scenario; almost 100% vRES shares (2050) 

and a highly flexible demand. 

 

• Reference System within TradeRES refers to the structured collection of 

data that are complementary required by the agent-based models either for 

being explicitly used in the simulations or to be utilised as basis of compari-

son. 

 

• TRS  - TradeRES Reference System is the Reference System created by 

the optimization models for 𝑆0 − 𝑆4. 

 

• 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.  

• Baseline Bundle is the specific Market Design Bundle that captures either 

minimal or already implemented the market design conditions. 
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achieve the country vRES target and to analyse if a system that fulfils the investment 

targets can ensure security of supply. 

• Study C (Germany): studying the German day-ahead market and using the agent-

based model AMIRIS. The aim is to analyse the need and possible design of remu-

neration schemes for renewable energy systems (RES). 

• Study D (Portugal/Spain): studying the Iberian market (MIBEL) and the agent-based 

models MASCEM and RESTrade. The aim is also to analyse new elements of market 

design mitigating the impact of the high variability and uncertainty of variable genera-

tion in the revenues of those power plants.  

The results presented on this deliverable build on several other preceding deliverables 

and tasks for gathering inputs and identifying key aspects in a wide range of related sub-

topics, varying from newly developed and improved models, and their coupling to describe 

market design principles, as well as existing computational systems to model energy mar-

kets. Particularly, this deliverable heavily relies on information provided by WP3 and WP4 

deliverables (see project website).  

Especially noteworthy is deliverable D4.5 Edition 2 [2], which follows up on D3.5 Edi-

tion 2 [3], by explaining new models used and developed within this project for evaluating 

new market designs and changes in market rules. Specifically, D3.5 describes important 

market design choices at the wholesale and retail levels and D4.5 describes the modelling 

approach followed to include those new design features, including market changes to al-

low trading closer to real time, to stimulate flexibility options at all system levels, and the 

reduction of imbalances from vRES. Also, in terms of revenue sufficiency for achieving 

long-term reliability, D4.5 describes the comparison of an energy-only market with a selec-

tion of capacity mechanisms to investigate the extent to which these mechanisms improve 

market performance with respect to system adequacy, investment risk and cost and risk to 

consumers. Furthermore, two main policy instruments – the European Emissions Trading 

System as a means of carbon pricing and different RES support schemes – are de-

scribed, in order to simulate transition steps between the current situation and a zero-

carbon system. Particularly, the renewable energy sources support schemes considered 

are feed-in premium, market premium, capacity-based support, and contract for differ-

ences. Finally, green origination certificates are also presented. 

Regarding the computational platforms to simulate energy markets, in TradeRES pro-

ject two types of models are used, namely agent-based and optimization models, which 

were described in deliverable D4.6 [4]. As mentioned earlier, the models used are COM-

PETES-TNO, AMIRIS-EMLabpy, AMIRIS, MASCEM and RESTrade are shortly described 

below: 

• COMPETES-TNO:  Competition and Market Power in Electric Transmission and 

Energy Simulator developed by TNO, is a power optimisation system that seeks to 

minimise the total power system costs of the power market. The model can per-

form hourly simulations for two types of purposes: i) least-cost unit commitment 

and economic dispatch, considering the technical constraints of generation tech-

nologies, and ii) least-cost capacity expansion and economic dispatch to optimise 

generation and transmission capacity additions. It covers all EU Member States 

and some non-EU countries (e.g., Norway and Switzerland); 

• AMIRIS-EMLabpy: Soft-coupling of AMIRIS and EMLabpy in Spinetoolbox. EM-

Labpy is a modular ABM that allows to analyse the impact of energy policies, such 
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as capacity mechanisms, in the investment of generation capacity. AMIRIS is an 

agent-based simulation model of short-term electricity markets. The coupled mod-

els together provide a realistic simulation of the behaviour of future decarbonized 

electricity markets under assumptions of imperfect foresight by the market actors.   

• AMIRIS: Agent-based Market model for the Investigation of Renewable and Inte-

grated energy Systems, developed by DLR, is an agent-based system capable of 

simulating the day-ahead market. The agents comprise power plant operators, 

traders, demand/flexibility providers, prosumers and other dedicated groups of 

end-users and market operators as well as policy providers. The system is based 

on an open-source framework for agent-based energy system analysis (FAME)2; 

• MASCEM: Multi-Agent Simulator of Competitive Electricity Markets, developed by 

ISEP, is an agent-based system able to simulate day-ahead and intra-day mar-

kets, as well as the negotiation of bilateral contracts. The main market entities, im-

plemented as software agents, include the market and system operators, produc-

ers and/or prosumers, aggregators, and consumers. 

• RESTrade, developed by LNEG, comprises models of traditional power plants and 

variable renewable energy plants. This system can simulate the reserve markets 

and, also, the dynamic line rating of overhead power lines. The pricing methodolo-

gy considered for the reserves market is based on the marginal pricing theory. 

  

The remainder of this report is structured as follows. Section 2 describes TradeRES’ 

research questions addressed in this deliverable and the market performance indicators 

(MPIs) selected and applied in this second edition of D5.3.  

Section 3 describes the three case studies and includes analyses the results. Specifi-

cally, subsection 3.1 describes case study B (the Netherlands), subsection 3.2 the case 

study C (Germany) and subsection 3.3 the case study D (Portugal/Spain). In section 4 is 

presented a summary of the main MPIs for the different case studies. Finally, in section 5, 

final remarks are drawn. Annex A provides a detailed description of the market perfor-

mance indicators used in the deliverable to assess the different market designs and prod-

ucts. Annex B provides further information regarding the case study D – MIBEL. 

 

 
2 Further details available at: https://gitlab.com/fame-framework/wiki/-/wikis/home  

https://gitlab.com/fame-framework/wiki/-/wikis/home
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2. TradeRES’ research questions and selected market 
performance indicators for ~100% RES power 
systems 

2.1 Research questions addressed in the project  

TradeRES project covers a wide range of subjects to be addressed. A deep and detailed 

exercise was conducted, not only to identify the ultimate research questions (RQ) whose 

answers the projects pursues, but also to cluster them within sub-themes, associated to 

the application of different models within the cases studied within WP5. Seven different 

main themes were identified and those are: 

1. Improvement of short-term markets 

2. Incentivizing distributed flexibility and local markets 

3. Incentivizing demand response and sector coupling 

4. System design and adequacy 

5. Investment incentives for renewables (EOM or support scheme) and for secure 

capacities (EOM or capacity mechanism) 

The whole set of research questions TradeRES intends to contribute were presented in 

Annex A of the first edition of this deliverable [1]. In this edition, a reduced set of research 

questions were addressed in the national and regional market’s case studies, Table 1. 

Different models/case studies will be in conditions to address different RQs. Those will be 

identified by the country acronyms: NL – Netherlands (case study B), GER- Germany 

(case study B) and Iberia (Portugal and Spain, from case study D) by the market acronym, 

MIBEL. Other case studies outside this Task address the local markets (case study A), 

here identified as “Local”, and pan-European Market (case study E) as “pan-E”. 

 

• The Netherlands 

The Netherlands case study focuses on long-term market design options. The objective of 

long-term market design is to provide incentives for adequate and efficient investments. In 

the past, this only concerned dispatchable generation; in a future system, the objective is 

an optimal balance of variable renewable generation, controllable generation, storage and 

demand response, and an optimal combination between these market-driven investments 

and network capacity. 

As discussed in the D3.5 of this project, mainly in section 5.4, it is uncertain whether an 

energy-only market design can provide an optimal investment mix of variable and control-

lable generation and energy storage technologies and enable sufficient demand response. 

Some reasons for this uncertainty are the substantial regulatory and technology risk as 

well as fuel and CO2 price risk; vRES create price volatility and depress prices, reducing 

their own business case for dispatchable technologies; An increase on price volatility can 

reinforce the regulatory uncertainty; High demand elasticity avoid scarcity prices to occur 

and therefore can diminish market-based cost recovery. Similarly, vRES create invest-

ment risk for controllable generation capacity, energy storage and demand response.  

This case study focuses on the energy-only market with a vRES capacity target and on 

the performance of capacity remuneration mechanisms (CRMs) with respect to enhancing 

the security of supply in a decarbonized electricity market. 
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Table 1. TradeRES research questions related to the simulations            
of national and regional case studies. 

 

Cluster1 Cluster2 

Research question /challenge to be 
addressed/answered by TradeRES 

models and simulations (one line per 
question) 

Perspective/ Timeframe 
WP5 Case 

Study 

improvement of 
short-term 

markets 

  How to make short-term markets more 
efficient in order to better integrate 

short-term VRES fluctuations? 

Product design / short 
term 

NL, MIBEL 

ancillary ser-
vices 

  What is the role/value of (variable) 
renewables for providing ancillary 

services? 

Renewable producers / 
Short and long term 

MIBEL 

system design 
and adequacy 

  

What is the optimal share of vRES gen-
eration on each market type/product 

that maximizes its profit enabling their 
participation without additional sup-

port? 

Renewable producers / 
Short-term 

NL, MIBEL 

system design 
and adequacy 

  

Impact of no thermal capacity: How will 
it affect the market prices - what will 

determine the price, will there be more 
very high and very low prices? How will 

it affect capacity adequacy? 

private investor and 
system perspective / 
long and short term 

all, but Local 

investment 
incentives for 
secure capaci-
ties (EOM or 

capacity mech-
anism) 

  
Are capacity mechanisms needed and if 

so, how should they be designed? 

Producers, storages, 
consumers / long term 

and short term 
NL 

investment 
incentives for 
secure capaci-
ties (EOM or 

capacity mech-
anism) 

  
Under which conditions will a future 
market enable the system adequacy?  

Long term, short term NL, MIBEL 

investment 
incentives for 
secure capaci-
ties (EOM or 

capacity mech-
anism) 

investment 
incentives 
for renew-

ables 
(EOM or 
support 
scheme) 

Do actual market designs give sufficient 
and attractive incentives to capacity 

investments (in both vRES and conven-
tional) technologies based only on 

energy trading without further incen-
tives? 

Renewable producers / 
Short and long term 

all  

investment 
incentives for 
secure capaci-
ties (EOM or 

capacity mech-
anism) 

investment 
incentives 
for renew-

ables 
(EOM or 
support 
scheme) 

Profitability (benchmark scenario and 
alternative scenarios and market de-

signs): Does the wholesale market 
provide sufficiently high and secure 

revenues for private investors to invest 
in both intermittent renewables and 

dispatchable capacities under different 
scenarios and market designs? What are 
the underlying market dynamics driving 

(non-) profitability and risk profiles? 

Investor perspective / 
short and long term 

all, but Local 

investment 
incentives for 
renewables 

(EOM or capaci-
ty mechanism) 

  

vRES support schemes (alternative 
market design): In case that no sufficient 
improvements to the wholesale market 

design can be identified and vRES re-
quire financing in addition to wholesale 
market revenues: What is the impact of 
different financing instruments (market 

premium / bilateral contracts & CfD/ 
capacity-based premium) on (1) invest-
ment in renewables and (2) wholesale 

markets? To what degree should financ-
ing schemes be market-based 

private investor and 
system perspective / 
long and short term 

all, but Local 
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The questions that are addressed in the Dutch market case study are the following:  

1) Does the wholesale market provide sufficiently high and secure revenues for pri-
vate investors to invest in both intermittent renewables and dispatchable capacities 
under different scenarios and market designs?  

2) If this is not the case, which type of capacity mechanism works and provides the 
lowest cost? 

 And, in these final simulations, the question addressed is: 

 

 

• Germany  

In the course of the project, the German case study seeks to answer the following re-

search questions: 

• Are remuneration schemes for renewable energy sources (RES) needed and if so, 

how should they be designed? 

• What effects do deviating scenario assumptions have on the refinancing of RES? 

• What effects do deviating support instruments for RES have towards system ef-

fects expressed by central MPIs? Hereby compared to the first version of this de-

liverable, recent policy designs, such as Financial CfDs were also analysed and 

included in the comparison. 

In this edition of the deliverable, the focus is on assessing the need for renewable sup-

port schemes and their system effects. So, the main question addressed is: 

 

 

 

• Iberian market (MIBEL) 

In the course of the project, the MIBEL case study seeks to answer the following research 

questions: 

o Will (near) real-time trading/gate closure times enable vRES producers to maxim-

ize their profit and electricity markets to reduce structural imbalances? 

o How to make short-term markets more efficient, in order to better integrate short-

term vRES fluctuations? 

o What is the value of new "flexibility" players/actors likely to appear up to 2050? 

o Cross-border trade: What are the benefits of cross-border trade and therefore of 

further market harmonization and/or measures such as dynamic line rating from a 

system perspective? 

To what extent can an energy-only market with/without vRES targets provide 

system adequacy for a 100% RES system by 2030 and 2050? 

Are RES remuneration schemes needed and if so, how should they be designed? 
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• Does actual market design give sufficient and attractive incentives to capacity in-

vestments (in both vRES and conventional) technologies based only on energy 

trading without further incentives? 

 

 The main question addressed in this document is: 

 

 

To address all the previous research questions, (key) market performance indicators 

(MPIs) were established in TradeRES project [5].  

2.2 Market performance indicators for ~100% renewable power 
systems  

The MPIs will enable to assess the performance of new market designs and products that 

were developed within TradeRES. This assessment will support the identification of the 

most adequate configurations and products to address the project’s research questions 

aiming to provide recommendations for future electricity market designs at local, nation-

al/regional and pan-European scales. The MPIs were classified using four domains: tech-

nical, economic, environmental, and social. In specific [5], [6]: 

• technical MPIs assess aspects related to operating parameters and technical con-

straints. 

• economic MPIs assess the viability and cost-effectiveness of the proposed solu-

tions. 

• environmental MPIs assess and evaluate the environmental impact of the pro-

posed solutions. 

• social MPIs are related to the stakeholders/end-users’ willingness to participate in 

the new market products as well as the identification of the right incentives for mo-

tivating for instance load shifting of energy consumed according to the system 

needs. 

 

A summary of the MPIs used in this deliverable is presented in Table 2, while a de-

tailed description can be found in D5.1 [5]. 

 

 

 

 

 

 

 

• How to make short-term markets more efficient in order to better integrate 

short-term VRES fluctuations? 
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Table 2. Summary of MPIs used in this deliverable for the different case studies (part 1). 

Domain 
MPI Name (and 

acronym) 
Detailed description 

Case study 
B

 –
 T

h
e
 

 N
e

th
e

rla
n

d
s
 

C
 - G

e
rm

a
n

y
 

D
 - M

IB
E

L
 

T
e
c
h

n
ic

a
l 

 

#1: Share of RES in the 
national demand 

This MPI indicates the level of integration of RES, including 
wind, solar, biomass, biogas, concentrated solar power, hydro 
power plants, others in the power system under analysis.  



#4: Loss of load expecta-
tion (LOLE) 

Number of hours that secured capacity doesn’t meet the 
demand (including imports and exports consideration) within a 
control region; simplified (no Monte Carlo simulation). 



#5: Expected energy not 
served (EENS) 

Amount of energy that cannot be provided during hours with 
loss of load (including imports and exports consideration) 
within a control region [7]. 



#8: Load shedding 

This MPI is related to security of supply. The MPI quantifies 
during how many hours there is not enough flexibility in the 
system and load shedding occurs, as well as how much load 
shedding occurs yearly in terms of energy. 

  

#10: Use of demand side 
management and re-
sponse 

This MPI is related to secure, sustainable, affordable and 
competitive energy. Demand side management and response 
can increase competition, decrease the energy bill of consum-
ers, increase the integration of RES, and avoid load shedding 

  

#11: Peak Load Reduc-
tion  

Comparison of absolute peak values between the initially 
demanded and the actually realized load in a period of time for 
indicating DSR effects. 

 

#12: Ancillary service(s) 
energy use 

This MPI presents the dispatched energy of each ancillary 
service (AS) product and all ancillary services.   

#13: Capacity procure-
ment in the AS 

This MPI presents the capacity procurement of each AS prod-
uct and all ancillary services.   

#14: Percentage of capac-
ity use in the AS 

This MPI presents the capacity of each ancillary service during 
time period effectively used in the AS.   

#15: Share of demand 
participation in the AS 

This MPI presents the share of demand participation in the 
AS.    

#16: Share of vRES 
participation in the AS 

This MPI presents the share of vRES participation in the AS.   

#17: Market based cur-
tailment 

Market-based energy curtailed of vRES. 

#25: Normalized root 
mean square error 
(NRMSE) of forecasts 

This MPI intends to quantify the phase errors (related to tem-
poral consistency and the capability to reproduce the temporal 
variability of a predetermined parameter) of the model.  
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Table 2. Summary of MPIs used in this deliverable for the different case studies (part 2) 

Domain 
MPI Name (and 

acronym) 
Detailed description 

Case study 
B

 –
 T

h
e
 

 N
e

th
e

rla
n

d
s
 

C
 - G

e
rm

a
n

y
 

D
 - M

IB
E

L
 

E
c
o

n
o

m
ic

 

 

#26: Total system costs 
This MPI is related to affordable and competitive energy. It 
represents the European power (and energy) system costs, 
including its investments and operation. 

  

#27: System costs for 
dispatch 

The overall costs of the power system modelled. 

#28: Costs to society 
This MPI can be used to identify the total electricity price, the 
cost of the capacity market, and the cost of the renewable 
policy (if applicable) per unit of electricity consumed 



#29: Average day-ahead 
price 

Volume-weighted average of hourly day-ahead market price 
for a year 

#31: Support costs 
The overall and specific amount of support pay out to RES 
operators  

#32: Market-based cost 
recovery 

Relation of market-based revenues and expenses per tech-
nology (including storage) which indicates refinancing possibil-
ities, cost coverage and support needs. 



#33: Price convergence 
Yearly percentage of hours with full, moderate and low price 
convergence measured by the yearly average day-ahead 
price differentials across European borders. 

  

#36: Ancillary service(s) 
(AS) costs 

This MPI presents the costs of each AS system and all ancil-
lary services considering the price and quantity.   

#37: Average market 
penalties 

This MPI presents the penalties associated with the deviations 
between expected and observed power in the different elec-
tricity market products during a period. These penalties should 
be paid by the balance responsible parties (BRPs), consider-
ing that all players that deviated from the original program pay 
the entire AS costs. 

  

#38: Average imbalances 
prices 

This MPI presents the average imbalances prices for up and 
down deviations that should be paid by the balance responsi-
ble parties during a predetermined period. 

  

#41: Volatility of electricity 
prices 

This MPI is a key indicator in the risk management since it 
represents the price fluctuations over a period.   

E
n

v
ir

o
n

m
e
n

ta
l 

#45: Power system emis-
sions 

This MPI is related to sustainable development, and it pro-
vides the annual CO2 emissions associated with fossil fuel 
energy generation. This indicator enables quantifying how 
much the different market designs reduce CO2 emissions.  



S
o

c
ia

l 

#47: Social welfare 
This MPI is related to country welfare, producer and consumer 
surplus per electricity consumed   
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3. National and regional case studies 

This section presents the results from the national and regional case studies.  

 

3.1 Case Study B: The Dutch Market 

The Netherlands is part of the EPEX SPOT market (together with twelve other countries)3. 

The large-scale potential of wind offshore in the North Sea puts the Netherlands in a privi-

leged position to accommodate large shares of vRES to meet both domestic and foreign 

electricity demand.  

TNO and TU Delft have conducted the performance assessment of a new market de-

sign for the Netherlands using the TradeRES novel tool, AMIRIS-EMLabpy, for the base-

line scenario and to test different market design bundles and COMPETES-TNO for run-

ning the reference scenario and generating the optimal ('benchmark') power system re-

sults.  

COMPETES-TNO is an optimization power system model that identifies the least-cost 

energy mix configuration across European countries. AMIRIS-EMLabpy is an agent-based 

model that explores new market designs. The results of COMPETES-TNO represent a 

power system’s ideal configuration for optimal technical and economic performance con-

cerning social welfare maximization. The results of AMIRIS-EMLabpy are compared 

against the reference system for evaluating the new market designs. Using two models 

underlying different goals and approaches, the results from various market designs can be 

benchmarked against an optimal system configuration. This comparison will provide in-

sights into the strengths and weaknesses of the new market designs. 

This case study is structured in two main parts, each dedicated for the two mentioned 

models used to assess the Dutch market. The first part concerns the modelling for 

benchmark results with COMPETES-TNO. Firstly, a brief description of this model is pro-

vided in section 3.1.1. Subsequently, the scenario definitions assessed for the Dutch case 

study within the TradeRES scenarios framework are given in section 3.1.2. The reporting 

of the benchmark results is provided in section 3.1.3. The second part concerns the mod-

elling with the AMIRIS-EMLabpy model.  

The model description and implementation, as well as the different scenarios assessed 

are given in section 3.1.2.1, section 3.1.2.2 and section 3.1.2.3, respectively. Next, the 

respective results are reported in section 3.1.2.4. Finally, a comparison of the results of 

key MPIs between the benchmark results and the different results from the AMIRIS mod-

el, and final remarks are discussed in section 3.1.3.   

 

 
3 Further details are available at: https://www.epexspot.com/en/about  

https://www.epexspot.com/en/about
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3.1.1 COMPETES-TNO model 

3.1.1.1 Model description  

COMPETES-TNO is a power system optimization and economic dispatch model that 

seeks to meet European power demand at minimum social costs (maximizing social 

welfare) within a set of techno-economic constraints – including policy targets/restrictions 

– of power generation units and transmission interconnections across European countries 

and regions4. The model is implemented in the Advanced Interactive Multidimensional 

Modelling System (AIMMS). COMPETES-TNO consists of two major modules that can be 

used to perform hourly simulations for two types of purposes: 

• A transmission and generation capacity expansion module to determine and 

analyse least-cost capacity expansion under perfect competition formulated as a 

linear program to optimize generation capacity additions in the system; 

• A unit commitment and economic dispatch module to determine and analyse least-

cost unit commitment (UC) and economic dispatch under perfect competition, 

formulated as a mixed-integer program considering flexibility and minimum load 

constraints and start-up costs of generation technologies. 

The COMPETES-TNO model covers all EU Member States and some non-EU countries – 

i.e., Norway, Switzerland, the UK and the Balkan countries (grouped into a single Balkan 

region) – including a representation of the cross-border power transmission capacities 

interconnecting these European countries and regions (see Figure 4). The model runs on 

an hourly basis, i.e., it optimizes the European power system over all 8760 hours per 

annum. Over the past two decades, COMPETES-TNO has been used for many 

assignments and studies on the Dutch and European electricity markets. 

 

 

Figure 4. The geographical coverage of the COMPETES-TNO model. 

 

 
4 Over the past two decades, COMPETES-TNO was originally developed by ECN Policy Studies – with the support of Prof. 
B. Hobbs of the Johns Hopkins University in Baltimore (USA) – but since 2018 it is used/developed commonly by the Neth-
erlands Environmental Assessment Agency and TNO Energy Transition Studies.  
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For each scenario year, the significant inputs of COMPETES-TNO include the following: 

• Electricity demand across all European countries/regions, including 

conventional power demand and additional demand due to further sectoral 

electrification of the energy system utilizing P2X technologies; 

• Power generation technologies, transmission interconnections and flexibility 

options, including their techno-economic characteristics; 

• Hourly profiles of various electricity demand categories and RES technologies 

(notably solar, wind and hydro), including the full load hours of these 

technologies; 

• Assumed (policy-driven) installed capacities of RES power generation 

technologies; 

• Expected future fuel and CO2 prices; 

• Policy targets/restrictions, such as meeting specific RE/Greenhouse gas (GHG) 

targets or forbidding the use of certain technologies (for instance, coal, nuclear 

or CCS). 

As indicated above, COMPETES-TNO includes a variety of flexibility options: 

• Flexible power generation: 

➢ Conventional: gas, coal, nuclear; 

➢ Renewable: curtailment of solar/wind; 

• Cross-border power trade; 

• Cross-border hydrogen trade; 

• Storage: 

➢ Pumped hydro (EU level); 

➢ Compressed air (CAES/AA-CAES - Compressed Air Energy Storage / 

Advanced); 

➢ Batteries (EVs, Li-ion, PB, VRB - Vanadium redox battery); 

➢ Underground storage of hydrogen; 

• Demand response: 

➢ Power-to-mobility (P2M): EVs, including grid-to-vehicle (G2V) and 

vehicle-to-grid (V2G); 

➢ Power-to-heat (P2H): industrial (hybrid) boilers and household (all-

electric) heat pumps; 

➢ Power-to-gas (P2G), notably power-to-hydrogen (P2H2); 

On the other hand, for each scenario year and each European country/region, the main 

outputs ('results') of COMPETES-TNO include: 

• Investments and disinvestments ('decommissioning') in conventional and vRES 

power generation;  

• Investments in interconnection capacities, both for electricity and hydrogen; 

• Investments in storage; 

• Hourly allocation ('dispatch') of installed power generation and interconnection 

capacities, resulting in the hourly and annual power generation mix – including 

related CO2 emissions and power trade flows – for each European 

country/region; 

• Demand and supply of flexibility options; 

• Hourly electricity prices; 
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• Hydrogen prices; 

• Annual power system costs for each European country/region. 

 

3.1.1.2 COMPETS-TNO: scenarios, input data and limits of the analysis 

In COMPETES-TNO runs, the years 2030 and 2050 are optimized based on the 

TradeRES scenarios defined in the WP2 of the project5 and the TradeRES database for 

data inputs of the initial capacities, demands and techno-economic parameters of the 

generation technologies.  

The project scenarios for the year 2050 (i.e. S1, S2, S3, S4) defined in WP-2 have ma-

terialized under different considerations from the demand and the supply side: 

• Demand side: the level of flexibility is adjusted across the scenarios through EVs, 

industrial hybrid boilers (electric/natural gas), residential heat pumps, and power-

to-H2.  

• Supply side: considers different remaining natural gas capacity assumed for the 

Netherlands and different levels of retrofit of the decommissioned gas capacities. 

A more in detail description on the individual described considerations per scenario is 

shown below in Figure 5. A zero-emission constraint for the European system is enforced 

in the most pro-vRES scenarios (i.e., S3 and S4). This constraint forces to achieve climate 

neutrality at the European geographical scope modelled in COMPETES-TNO.  

 

Zero-emissions con-
straint activated? 

No Yes 

• 25% flex for household 
power-to-heat; 50% flex for 
EVs; 

• Full flex for power-to-H2; 

• Full flex for industrial heat (el
ectric/gas); 

  S2 flexible             S4 radical 

• 0% flex for EVs, household 
power-to-heat; 

• 50% flex for power-to-H2; 

• 0% flex for industrial heat 
(fully electric) 

    S1 conservative            S3 variable 

 

• Natural gas capacity: ~5 GW left.  

• Max retrofit capacity: 50 % 
of the total NL capacity decommissio
ned by 2050 
is assumed to be retrofitted (~10 
GW) into H2 or biogas. 

• Investments in fossil-fired capacities 
coupled with CCS allowed. 

• Natural gas capacity: 0 GW left. 

• Max retrofit capacity: 100% 
of the gas capacity is available for retrof
it into H2 or biogas. 

• Investments in fossil-fired capacities 
coupled with CCS not allowed 

 

 

Figure 5. Scenario design and inputs for the Netherlands case study. 

 

 

5 WP2- Optimal electricity trading with ~100% RES: Generation of a reference power system, scenarios and 
input market data.  
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The base case 2030 (S0) is optimized considering the initial installed capacities and 

energy demands of WP2 and provides a baseline for that year. The assumptions regard-

ing flexibility of this scenario are more conservative compared to the 2050 scenarios, 

where 5% of heat pumps and 10% of EVs can provide demand response capabilities.  

Given the different scopes of COMPETES-TNO and the ABM model, a comparison of 

results for relevant parameters and MPIs is done. The results obtained by COMPETES-

TNO represent a benchmark to compare to the AMIRIS-EMLabpy results. In this regard, 

COMPETES-TNO simulated two situations for the Dutch power system: one variant in-

cluding electricity trade with neighbouring countries (‘connected-NL’ case), and the other 

variant excluding trade (‘isolated-NL’ case). The latter provides the base inputs for the 

AMIRIS-EMLabpy runs and showcases the impact of including/excluding electricity trade 

on the performance of the NL power system. 

 

3.1.1.3 COMPETES-TNO results and analysis 

This section contains the benchmark results provided by COMPETES-TNO for the ‘con-

nected-NL’ and ‘isolated-NL’ cases.  

• Electricity demand 

Figure 6 shows the electricity demand across the different scenarios for both ‘connected-

NL’ and ‘isolated-NL’ cases. Flexible demands from conversion technologies, notably 

Power-to-H2, represent an important share of the total electricity demand in all 2050 mod-

elled scenarios. The ‘connected-NL’ and ‘isolated-NL’ cases present similar demands 

(with the exception of exports in the former). S3 presents the highest electricity demand, 

whereas S2 shows the lowest. Some main observations from the figure are: 

• In S0, i.e., the baseline scenario for 2030, the main part of total electricity load 

comes from conventional demand. A different demand pattern appears in S1-S4, 

showing that Power-to-X will be an important component of the future demand. 

• Industrial Power-to-Heat amounts to less electrical demand in the more flexible 

scenarios (i.e., S2 and S4) due to the hybrid operation of e-boilers, allowing to use 

natural gas as fuel instead of electricity when the prices of the latter are relatively 

higher. 

• Power-to-H2 demand reaches a minimum of 124 TWh in all scenarios in order to 

fulfil the EU directive that half of the H2 produced in the system is ‘green hydro-

gen’. For low flexible scenarios, half of this demand is inflexible (i.e., not respon-

sive to price changes). In S3, the highest Power-to-H2 demand is found for both 

‘connected-NL’ and ‘isolated-NL’. This is driven by the operation of power-

generating H2 turbines which increases the demand for H2 production, as will be 

explained further on in the following subsections. This need for higher operation by 

the H2-fired units results mainly from the simulation of a CO2-free electricity sys-

tem combined with low flexibility in S3. 

• The total load-shifting demand from EVs and household heat pumps are the same 

across all scenarios, as these are demands that must be fulfilled in all cases, alt-

hough – to some extent – this demand can be shifted on an hourly basis.  



    

Page 30 of 121 

• Storage consumption in the ‘isolated-NL’ case is higher compared to the ‘connect-

ed-NL’ case, except for the S1 scenario. Overall, the lack of trade and its conse-

quent flexibility results in the need for flexibility provided by battery operation.  

 

 

Figure 6. Electricity demand in various scenarios run by COMPETES-TNO. 

 

• Electricity supply 

Figure 7 shows for the respective scenarios the resulting supply mix to meet the previous-

ly described electricity demand. vRES generation represents the main part ot total elec-

tricity supply in both 2030 and 2050. The ratio between sun PV and wind offshore produc-

tion varies across the scenarios. Overall, a trend can be seen where those scenarios with 

low flexibility in the system present more dispatch from wind offshore than the most flexi-

ble scenarios. Some main observations are: 

• In S0, wind offshore plays a major role, followed by solar generation and natural 

gas production.   

• Imports from neighbouring countries provide an important share of the supply mix 

for the ‘connected-NL’ scenarios, with around ~25% of the total mix. When these 

imports are not available (i.e. ‘isolated-NL’ case), the supply mix depends fully on 

generation from domestic sources, notably on wind offshore production. 

• Storage production follows the trend already seen in the electricity demand sub-

section, with higher operation in the scenarios with low flexibility. 

 

S0 S1 S2 S3 S4 S0 S1 S2 S3 S4

Connected-NL Isolated-NL

Exports 26 23 14 39 14 0 0 0 0 0

Storage (charge) 4 31 7 17 9 7 23 15 20 15

P2Mobility (EVs) 2 6 6 6 6 2 6 6 6 6

P2Heat (households) 10 15 15 15 15 10 15 15 15 15

P2Heat (industry) 10 54 44 54 44 7 54 37 54 37

P2Hydrogen 26 124 124 141 124 26 127 126 162 130

Conventional 128 144 144 144 144 128 144 144 144 144
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Figure 7. Electricity supply in various scenarios runs by COMPETES-TNO. 

• The supply by dispatchable technologies varies according to the different scenario 

definitions. In S1 and S2, remaining gas capacity and investment in thermal capac-

ities with CCS are allowed. The difference in assumptions regarding the flexibility 

of the system between S1 and S2 results in a different contribution of gas in the to-

tal domestic power generation in these scenarios. This contribution is higher in low 

flexibility scenario S1, both in the ‘connected-NL’ and ‘isolated-NL’ case, with a 

share of around 13% and 18% of the total power supply respectively.  

In the pro-vRES scenarios where no gas capacity is left in the system (i.e., S3 and 

S4), the power generation by gas-fired plants is replaced by other technologies. 

Across the two trade variants, the power production from H2 turbines, as well from 

biogas, is significant, notably in S3. Again, the S3 with low flexibility, presents a 

higher output from these dispatchable capacities compared to its scenario coun-

terparts. The main dispatchable generation technology in 2050 is biomass. Its con-

tribution to the supply mix is almost similar across all scenarios and trade-variants 

(i.e., about 26-28 TWh) but substantially lower in the two S3 cases (i.e., 17 and 23 

TWh, respectively). This lower generation from biomass, notably in the ‘connected-

NL’ case, is partially due to the higher wind offshore production in the scenario, re-

ducing the need of output from biomass. A higher production from nuclear is seen 

in the ‘isolated-NL’ S3 scenario, i.e. about 10 TWh, compared to 4 TWh in all other 

scenarios. This is due to the capacity expansion of nuclear in this S3 scenario, as 

will be explained in the next subsection. 

 

S0 S1 S2 S3 S4 S0 S1 S2 S3 S4

Connected-NL Isolated-NL

Imports 68 89 98 75 98 0 0 0 0 0

Storage (discharge) 4 28 6 15 8 6 20 13 18 14

H2-to-power 0 0 0 15 0 0 2 2 34 5

Biogas 0 1 0 4 0 0 1 0.3 3 0.4

Biomass 0 28 28 17 28 0 28 28 23 26

Nuclear 4 4 4 4 4 4 4 4 10 4

Gas 27 40 12 0 0 44 68 15 0 0

Sun PV 31 120 119 108 119 45 119 119 120 120

Wind onshore 16 25 25 25 25 25 25 25 25 25

Wind offshore 57 63 61 153 74 54 100 136 167 151
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• Installed capacities 

Figure 8 shows the resulting installed capacities in the Netherlands from the optimization 

by COMPETES-TNO.  

 

Figure 8: Installed capacities in various scenarios run by COMPETES-TNO. 

 

These capacities are heavily impacted by vRES technologies, notably sun PV, followed by 

wind offshore. Some main insights from the figure are: 

• Wind offshore capacities vary across the different scenarios. The ‘isolated-NL’ 

scenarios present the highest wind offshore capacity compared to their ‘connect-

ed-NL’ counterpart. The highest capacities are seen in S3 of the ‘isolated-NL’ and 

‘connected-NL’ cases. Low flexibility combined with a more restricted CO2 system, 

results in a higher need for wind offshore. 

• Gas capacity is part of the generation mix for S1 and S2 (see definition of the 

scenarios given in Figure 5). It is assumed that 5 GW of gas-fired plants will be 

remaining in 2050 under these scenarios. Note that the new investments in gas 

plants coupled with CCS amount to almost 17 GW and 16 GW in the ‘connected-

NL’ and ‘isolated-NL’ S1 scenarios, respectively. When gas capacity is not allowed 

in the system (i.e., S3 and S4), other technologies fill that gap, namely H2 CCGT 

and biogas plants.  

• Nuclear capacity remains the same across the scenarios with 0.5 GW capacity, 

except in S3 for the ‘isolated-NL’ case, with 1.4 GW installed. The 0.5 GW repre-
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sents the current and only nuclear capacity in the Netherlands (Borssele nuclear 

plant). Recent political developments regarding nuclear power in the Netherlands 

point to an extension of the operation of this plant, as well as the potential for new 

nuclear capacity to be built. According to this, it is assumed that the operation of 

the existing Borssele plant will be extended beyond its current intended year of 

decommissioning (2033). In addition, the ‘isolated-NL’ S3 scenario is the only case 

where new nuclear capacity is invested by almost 1 GW. This is mainly due to the 

need to increase the baseload capacity to handle the lack of flexibility and the zero 

CO2 emission restriction for 2040 and beyond. 

• Storage capacity is most invested in the S1 cases with a maximum achieved of 

54 GW in the ‘connected-NL’ case. The low flexibility of the system results com-

bined with considerably high vRES generation (notably from solar) can result in 

high price volatility, favouring the business case for batteries. 

 

• MPIs results 

 

Table 3 summarizes the selected MPIs for the different scenarios and trade variants. The 

main conclusions are: 

• For both ‘connected-NL’ and ‘isolated-NL’, the highest vRES penetration in the 

system relative to the demand occurs for the most flexible scenarios (i.e., S2 and 

S4). In terms of total installed capacity, S3 scenario presents the highest vRES 

capacities, mainly due to higher electricity demand as shown in previous Figure 6.  

• When power generation is not able to cover electricity demand, activation of load 

curtailment occurs, as measured by the indicators Loss of Load Expectation 

(LOLE) and Expected Energy Not Served (EENS). The lack of flexibility in the sce-

narios concerned prompts higher number of hours where LOLE episodes occur. 

• The total system costs show that S1 and S3 present the highest costs. This indi-

cates that lower flexibility in the system increases total costs. 

• Curtailment of wind and sun reaches its highest annual value in the two S3 cases. 

S3 is characterized by its higher wind production compared to the other scenario 

variants, which combined with less flexibility in the system results in less capacity 

to integrate higher shares of variable production, and ultimately higher curtailment. 

It is also noticeable that the ‘isolated-NL’ case presents higher vRES curtailment 

than the ‘connected-NL’ case. The lack of flexibility to export surplus of vRES pro-

duction exacerbates the need for vRES curtailment, most noticeable in the pro-

vRES scenarios. 

• For the ‘connected-NL’ case, high-flexible scenarios present lower weighted-

average electricity prices compared to the low-flexible ones, with S4 reaching the 

lowest figure at 44.7 €/MWh. In general, the ‘connected-NL’ case presents lower 

prices compared to the ‘isolated-NL’ variant. An interesting observation is that un-

der this variant with no trade, S4 does not present the lowest electricity price as in 

the connected-NL’ case, but S3 does, mainly due to a higher wind offshore capaci-

ty and production combined with H2-to-power generation in the S3 isolated case. 



   

 

   

 

 

 

Table 3: Results of key Dutch market MPIs for the different modelled scenarios in COMPETES-TNO. 

MPI number and name Unit 
Connected-NL Isolated-NL 

S0 S1 S2 S3 S4 S0 S1 S2 S3 S4 

MPI 1: Share of RES-E % 75 76 91 89 95 70 74 90 83 93 

MPI 4: Loss of load expectation h 6 0 0 3 0 6 8 0 0 0 

MPI 5: Expected energy not served GWh 2.5 0 0 5.8 0 0 3.7 0 0 0 

MPI 17: vRES curtailment TWh 3.1 4.3 5.1 14.2 5.6 5.3 6.6 8.4 12.7 9.4 

MPI 26: Total costs of the system Bn € 7.4 13.1 8.0 16.7 8.4 8.2 18.7 15.1 19.5 15.9 

MPI 27: System costs for dispatch Bn € 1.8 2.4 0.5 1.1 0.1 2.6 4.2 0.7 1.2 0.2 

MPI 29: Annual volume weighted 
average of hourly market-price 

€/MWh 55.4 50.7 47.2 51.9 44.7 72.2 67.8 53.2 51.4 52.4 

MPI 32: Market-based cost recovery - 1.54 1.22 1.25 1.15 1.17 1.56 1.33 1.21 1.06 1.14 

MPI 41: Volatility of electricity prices - 24.7 58.1 29.2 292.0 29.2 294.7 304.4 39.5 78.3 43.1 

MPI 45: Power system emissions Mtons  5 -34 0 0 0 19 -0.1 -3 -5 -5 



   

 

   

 

 

• The market-based cost recovery indicator is defined as total market revenues di-

vided by total system cost, which reflects how market prices recover costs. In gen-

eral, if the system is more flexible, the indicator will be closer to 1. The exception is 

S3 in the isolated-NL case, because of the extra flexibility provided by H2. 

• The volatility of electricity prices is given as the standard deviation. More flexibility 

(i.e., in S2 and S4) helps to reduce the volatility of electricity prices.  

 

3.1.1.4 Summary COMPETES-TNO results  

• The flexibility level of the system impacts notably the generation and capacity mix 

of the scenarios. When more flexibility is available in the system, the total installed 

capacity decreases. From the technological point of view, flexibility allows to inte-

grate more variable sources (i.e. sun and wind), and limits the investments from 

more dispatchable technologies. 

• Peak generation technologies, such as H2-fired turbines and biogas units, were 

found not optimal in the scenarios with high-flexibility in the ‘connected-NL’ case. 

• Domestic generation need increases in the ‘isolated-NL’ case due to lack of trade.   

• Nuclear capacity is necessary when flexibility of the system is rather limited and 

CO2 -free electricity is desired, as in S3 of the ‘isolated-NL’ case. 

• In general, higher flexibility achieves lower system costs and electricity prices. 

 

3.1.2 AMIRIS-EMLabpy 

3.1.2.1 The AMIRIS-EMLabpy model 

In order to simulate the impact of bounded rationality on the performance of a future elec-

tricity market, a combination of the two agent-based models AMIRIS and EMLabpy was 

used. This part of the project evaluated the impact of limited foresight by market actors on 

generation investment decisions and the operational performance of a future power mar-

ket as well as on investment decisions.  

EMLabpy was co-simulated with AMIRIS within the TradeRES-project to complement 

EMLab’s simulation of myopic investment, and of the capacity remuneration mechanisms 

(CRMs) that might counter the resulting negative effects, with AMIRIS’ detailed simulation 

of the operational time scale of the electricity market that allows representing flexibilities 

and evaluating several RES-support mechanisms. AMIRIS includes two types of flexibility: 

consumers who reduce their load when the price reaches a certain level, represented by 

industrial load shedders in the model, and consumers who can shift their consumption 

over time, represented by electrolyzers (because it is assumed that the hydrogen that they 

produce can be stored). 

EMLabpy was inspired by EMLab (Energy Modelling Laboratory), a model developed 

by TU Delft that simulates the influence of policy instruments (such as CRMs and CO2 

policy) on investment in generation [8]. The Python version, called EMLabpy, was devel-

oped in a modular way, allowing parts of the model to be run separately. The original EM-

Lab represented load as time slices, which did not support the representation of flexibility, 

which will be essential in a future market. The use of AMIRIS greatly improved the repre-
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sentation of market operation, as AMIRIS simulates all hours of the year sequentially. Be-

cause AMIRIS lacks the possibility to model investments in generation, EMLab was used 

to add this feature. For a more detailed explanation of both models, see the user guides in 

D6.2.1 [9]. 

The AMIRIS-EMLabpy simulations are used to test the effects of different capacity re-

muneration mechanisms (CRMs) in a setting in which operational and investment deci-

sions are based on realistic assumptions regarding the availability of information. An opti-

mization model like COMPETES-TNO removes or underestimates the effects of myopic 

decisions in the short-term market (dispatch decisions) and in the long term (investment 

decision). Investors may not consider the risk of rare, adverse weather episodes (like a 

‘kalte Dunkelflaute’ in northern Europe) or the fact that consumers and battery operators 

may not make optimal scheduling decisions. As a result, the reliability of the system may 

be overestimated in optimization models – in principle, reliability in these models will be 

optimal by definition – and the need for policy interventions may be consequently under-

estimated.  

The additional realism regarding actor behaviour that the AMIRIS-EMLabpy simulation 

brings, comes at a cost of longer computation time and higher model complexity. It was 

therefore not possible to simulate cross-border trade with AMIRIS-EMLabpy and the long 

computation times limited the number of model runs that could be executed. Thus, AMIR-

IS-EMLabpy provides insight in the merits of policy interventions, while COMPETES-TNO 

provides more detailed insights in the interactions of different generation technologies and 

types of flexibility, including imports and exports, in a greater number of scenarios. Table 

4 summarizes the main differences between the two models. 

The results of the AMIRIS-EMLabpy simulations are not intended to represent fore-

casts of parameters such as the capacities of generation technologies, prices or market 

revenues, but to analyse market dynamics. Our model of a future power system is based 

on the Netherlands but does not consider imports and exports, which is a significant limi-

tation in the representation of flexibility. COMPETES-TNO shows that with cross-border 

energy flows, the volume of generation capacity needed will be around 25% lower than in 

our results presented. Furthermore, risk aversion and market power are not considered, 

as these factors may impede market performance. 

 

3.1.2.2 Implementation of the AMIRIS-EMLabpy model 

The co-simulation of the AMIRIS and EMLabpy models was performed with the aid of the 

Spine Toolbox [10], which supports the execution of computational tasks by linked models 

in a flexible manner. This tool uses human-readable files as inputs, making it easy for the 

user to control the model parameters, adding transparency to the simulations. Similarly, 

the outputs of both models are files that allow to change results between both models.  
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Table 4: Comparison of COMPETES-TNO and AMIRIS-EMLabpy. 

 COMPETES-TNO EMLabpy AMIRIS 

Method Optimization Agent-based 

Scope 
Europe wide, considers interconnec-
tions 

One node, based on the Netherlands 

Batteries Optimized for whole year  Heuristic one-week demand forecast 

Hydrogen 

  

Endogenous price 
Not modelled; hydrogen price is 
exogenous. Assumed stable hyd. 
price 

Cross border hydrogen trade - 

Technologies 

Wider range of generation technolo-
gies.  

Different price for bioenergy invest-
ment costs. 

Includes batteries (4 hours discharge 
time) and hydrogen OCGT.  

Power2mobility Optimized Fixed exogenous demand 

Power2heat Optimized 
Modelled as a load shifter with price 
cap 

Power2gas Optimized Load shedder 

 

An overview of the workflow is presented in Figure 9. This workflow can be executed 

iteratively for any number of years as defined by the user. The blue symbols on the left 

are the files with the input data. The pink symbols are the SQLite databases. The 

EMLabDB stores the information that is needed to run EMLabpy and the AMIRISDB 

stores the results from that model. The red symbols execute different model modules. The 

first module sets the year counter to zero. The second module assigns a unique number 

to the initial set of power plants to assign to each power plant the results from AMIRIS. 

The rest of the modules are executed in a loop and will be explained next. 

After the year counter is increased by one year, the status of the power plants in the 

model is updated. Unprofitable power plants (based on average profits of the three previ-

ous years, without capital costs) that have passed their lifetime are decommissioned. The 

power plants that will be operational in the simulation year together with the updated fuel 

prices are written in an Excel file that is input for AMIRIS. Then, AMIRIS is executed for 

the current simulation year. The results of this market simulation used to create power 

plants’ bids in a capacity market that is simulated in EMLabpy. The financial results of the 

individual power plants are determined by adding the revenues from the capacity mecha-

nism and from the market. 
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Figure 9. AMIRIS - EMLabpy workflow in the Spine Toolbox.  

 

In the final step, investment opportunities are evaluated iteratively in EMLabpy by esti-

mating supply and demand four years ahead and adding a potential power plant. Power 

plants that are in the construction pipeline are added to the estimate of the future supply 

curve. In each iteration, the net present value (NPV) of new power plants is estimated 

based on the estimated market revenues in the future year, the plant's operational costs 

(fuel, CO2 and fixed operating and maintenance cost) and the amortized annual fixed 

costs. The candidate power plant with the highest present value (NPV is chosen for in-

vestment and added to the investment pipeline. This investment loop runs until there are 

no more power plants that have a positive expected NPV. The lifetimes of power plants 

can be extended, as long as they are profitable, until a maximum of years (see Table 5). 

This algorithm is the same for variable renewable energy technologies and for dispatcha-

ble technologies, but the latter may also receive revenues from a CRM. After each in-

vestment, the investment costs of the power plant are registered. In EMLabpy the equity 

payments are paid during the construction time (down payments) and the debt is paid 

during the power plant's lifetime (loans).  

To test the performance of the different market designs, the realized weather is simu-

lated with distinct weather years, while the investment decisions are based on a repre-

sentative weather year. The year 2004 was used, as this was the year with a median total 

renewable energy production. Figure 10 describes the model. Sanchez et al. [11] provide 

a detailed description of the AMIRIS-EMLabpy model coupling. 
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Figure 10. Conceptual workflow of AMIRIS-EMLabpy. 

 

3.1.2.3 Scenario designs 

Due to the long computation time of EMLab-AMIRIS, only the S3 and S4 scenarios are 

simulated. They differ with respect to the degree of flexibility of consumers that is as-

sumed. The S1 and S2 scenarios that are not simulated are the ones that allow a limited 

volume of CO2 emissions (or CCS), whereas S3 and S4 are fully renewable. While allow-

ing some continued use of fossil fuels would reduce system cost, it is not expected to af-

fect the relative performance of different types of CRMs, whereas the degree to which 

CRMs facilitate the integration of flexibility is a key issue regarding market performance.  

The definition of the scenarios in AMIRIS-EMLabpy varies from the scenarios in COM-

PETES-TNO. In COMPETES-TNO, Scenario S3 is considered as the ‘low-flex’ scenario 

because it entails a high degree of electrification of industrial demand with limited possibil-

ity to shift from electricity to gas. AMIRIS-EMLabpy does not simulate the gas system. In 

In AMIRIS-EMLabpy, high industrial demand for electricity is assumed to come with higher 

demand flexibility. However, the ‘low-flex’ scenarios in COMPETES-TNO results in higher 

electrified industrial heat demand, which would correspond to the scenario with high in-

dustrial flexibility in our EMLabpy-AMIRIS, as higher industrial demand conveys higher 

flexibility. Similarly, COMPETES-TNO ‘low-flex’ scenarios have higher electrolyzer con-

sumption to simulate less flexibility provided by its load-shedding capabilities. Again, in 

AMIRIS-EMLabpy, higher electrolyzers consumption enhances the flexibility within this 

modelling approach. In fact, in AMIRIS-EMLabpy the flexibility of electrolyzers is a key 

factor in determining market prices [11]. For this reason, instead of simulating a lower de-

gree of flexibility (S3), a different hydrogen price was considered. 

Three capacity remuneration mechanisms are simulated: a capacity market, a strategic 

reserve and capacity subscription. The first two options are chosen because they are cur-
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rently the preferred market designs in the EU. The UK, Belgium, France and Italy have 

capacity markets, among others, as does much of the USA. This deliverable presents the 

results of a capacity market where only dispatchable technologies are allowed to partici-

pate. The current European regulation recommends a technology-neutral design that also 

remunerates flexible technologies.  

The European regulation recommends implementing a strategic reserve before other 

capacity remuneration mechanisms and recommends dispatching the plants in the re-

serve at a market price cap. By withholding generators from the market, it forces flexible 

consumers to reduce their consumption even while these generators are available. For 

instance, if industrial consumers have a maximum willingness to pay between 1000 and 

2000 Euros/MWh, they will curtail their demand when the price rises above this level, 

while the reserve generators are only dispatched when the market price cap of 4000 Eu-

ros/MWh is reached.  

The third option, capacity subscription, has not been implemented. It is an innovation 

on the classic capacity market aiming to provide better incentives to consumers for flexibil-

ity by consumers and energy storage operators. In a capacity market, the TSO estimates 

the need for controllable generation capacity and buys enough to meet estimated de-

mand. The costs are socialized. Flexibility can only be included in the form of ‘negative 

generation', i.e., electricity consumers with a predictable load sell the right to have their 

load curtailed when power is short. Other forms of flexibility are discouraged because the 

market always provides enough capacity, which naturally comes at a cost. In a market 

with capacity subscription, end consumers bid for dispatchable generation capacity con-

tracts (capacity subscriptions) themselves, based on how much they are willing to pay for 

a certain volume of reliable supply. During shortages, they are either physically limited to 

this volume or they are exposed to spot prices for the part of their demand that is not cov-

ered by a subscription. See Doorman [12] and De Vries and Doorman [13] for a descrip-

tion of capacity subscription. 

The performance of the different types of CRMs is compared to an energy-only market, 

which is the default market design in Europe and therefore the benchmark in this study. In 

an energy-only market, investment in generation capacity is driven by market incentives 

alone and there is no government intervention. Sanchez et al. [11] presents a simulation 

analysis of an energy-only electricity market with only renewable energy technologies, 

also made for the TradeRES Project. The article focuses on the impact of weather uncer-

tainty and bounded rationality on system reliability. It presents a wider range of weather 

scenarios and a more detailed analysis of the impact of weather variability on electricity 

system adequacy. Other differences are that in that study, 5.6 GW of nuclear generation 

capacity was assumed to be built in the Netherlands, and the option of lifetime extension 

of power plants was not included. Despite the presence of nuclear power generators, the 

study showed that an all renewable energy-only market cannot be expected to provide 

system adequacy, even in the absence of external shocks like Covid, the 2022 gas crisis 

or the financial crisis of 2008. 

Sanchez et al. [11] showed the important role of the willingness to pay of flexible de-

mand in setting prices and thereby determining investment incentives. In that study, flexi-

ble demand was represented by the flexibility of electrolyzers, which constituted a large 

share of electricity demand and whose willingness to pay is a function of the market price 
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of hydrogen. A higher hydrogen price was found to attract more investment in variable 

renewable energy (specifically offshore energy) but to increase the cost of hydrogen-

based gas peak plant.  

Due to the significant role of hydrogen, both a low hydrogen price (LH) and a high hy-

drogen price (HH) scenario are included for each market design tested. The LH scenarios 

use a hydrogen price of 1,5 Eur/kg, which is based on the renewable H2 imports price in 

the TYNDP 2022 Scenario Report  (global ambition scenario) [14] and is in line with the 

rest of the analyses in TradeRES. The HH scenario uses a price of 10 Eur/kg, based on 

more recent insights (TNO, 2024) [15]. However, this study does not consider economics 

of scale or technology advances which could lead to lower hydrogen prices. Thus, the 

following experiments are performed: 

• Energy-only market (based case): EOM-LH and EOM-HH.  

• Capacity market: CM-LH and CM-HH. 

• Strategic reserve: SR-LH and SR-HH. 

• Capacity subscription CS-LH and CS-HH. 

 

The set of power plants at the start of the model simulation was taken from the results 

of COMPETES-TNO (Scenario S4 ‘isolated-NL’). The investment costs, variable costs, 

fixed costs, efficiency, technical lifetime, and fuel costs were taken from the TradeRES 

database [16]. The candidate generation technologies are shown in Table 5. In contrast to 

the TradeRES Data, hydrogen OCGT and lithium batteries with a depth of four hours were 

added as investment options. 

Table 5. Characteristics of available technologies for investment and assumed, maximum       

lifetime of the technologies. 

Technologies 
Lifetime 
(years) 

Maximal ex-
tension years 

(years) 

Permit 
time 

(years) 

Construction 
time 

(years) 

Investment 
block capacity 

(MW) 

Biofuel 25 6 1 3 300 

Hydrogen OCGT 25 6 2 2 400 

Hydrogen CCGT 25 6 2 2 400 

Lithium ion battery 2h 25 1 0 1 300 

Lithium ion battery 4h 25 1 0 1 300 

Nuclear 40 10 2 5 500 

Solar PV large 25 3 1 1 300 

Solar PV rooftop 25 3 1 1 300 

Wind Offshore 30 5 1 2 500 

Wind Onshore 30 4 1 2 500 

 

The capacity of the electrolyzers and the volume and capacity of industrial heat are 

provided by Scenario S4 of the COMPETES-TNO model results. An EOM was simulated 

to create an equilibrium mix of generation capacity, which was used at the start of the 

model runs to prevent large scarcities at the beginning of the simulations. Hourly heat 
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pump demand was estimated from the hourly temperature and the temperature-

dependent coefficient of production. 

 

3.1.2.4 AMIRIS-EMLabpy results and analysis 

Table 6 presents the results of the AMIRIS-EMLabpy simulations. Forty weather years 

were tested, as explained in section 3.1.4 and for present in this table the average and 

standard deviation from the 40 simulation years. 

Table 6. MPIs of the 2050 Flex Scenario (based on COMPETES-TNO scenario S4). 

 
MPI* 

 
EOM_LH EOM_HH CM_LH CM_HH SR_LH SR_HH CS_LH CS_HH 

ENS [MWh] 
Average  6375 13898 2268 727 2992 15302 3279 1400 

Std dev. 7577 21171 3909 2054 5157 21065 5059 4542 

LOL [h] 
Average 4.23 5.13 1.85 0.38 2.30 5.73 2.33 0.68 

Std dev. 4.77 6.17 2.55 0.84 3.29 6.26 3.41 1.77 

Weighted 
average elec-
tricity prices 

[MWh] 

Average 38.53 59.99 37.52 59.45 42.92 60.10 37.56 60.25 

Std dev. 4.47 11.21 3.80 11.18 8.02 11.28 3.74 11.23 

Cost recovery 
[%] 

Average 120.71 138.13 121.26 137.26 136.75 138.43 120.92 138.75 

Std dev. 8.26 22.15 6.87 21.78 19.66 22.32 8.27 22.15 

Weighted 
average CRM 

Costs 
[Eur/MWh] 

Average 0.00 0.00 1.00 1.04 0.74 0.04 1.27 0.55 

Std dev. 0.00 0.00 0.59 0.39 0.37 0.05 1.13 0.51 

Cost to con-
sumers 

[Eur/MWh] 

Average 38.53 59.99 38.52 60.49 42.96 60.03 38.83 60.80 

Std dev. 4.47 11.21 3.88 11.23 7.50 11.40 4.10 11.28 

Cost to socie-
ty [mln. Eur] 

Average 10304 21686 10217 21922 10354 21698 10331 21750 

Std dev. 572 694 579 641 607 687 565 761 

CRM costs  
[mln. Eur] 

Average 0 0 321 517 235 18 406 274 

Std dev. 0 0 188 190 112 22 363 247 

Share VRES 
[%] 

Average 96 87 96 87 96 87 96 88 

Std dev. 1 1 1 1 1 1 1 1 

*average/std dev refer to a typical weather year based on data from 40 input years (see section 3.1.4) 

 

• Energy only market  

In the scenarios with a high hydrogen price (i.e. HH scenario), the electricity price is high-

er and more volatile for two reasons. Firstly, as a result of the electrolyzer's higher oppor-

tunity cost, which is dispatched at 222 Eur/MWh instead of 33 Eur/MWh. Secondly, hy-

drogen turbines are dispatched at approximately 700 Eur/MWh due to high fuel price. In 

the HH simulation, electricity prices are 21.46 Eur/MWh higher than an EOM and with 

more than double volatility. This causes the cost recovery to be extremely volatile, and on 
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average 17% higher than an EOM. Furthermore, the total costs to society increase to 

more than double from 10.5 to 22 billion, on average. 

 The cost increase of hydrogen turbines is sufficient for more nuclear energy to be in-

stalled. Figure 11 shows the impact of the hydrogen price on the generation mix. In com-

parison to EOM_LH, there are 21 GW more batteries, 13 GW more Nuclear, 2.1 GW more 

solar, 35.5 more wind offshore, and 19.6 GW less hydrogen turbines. The number of 

shortages remains at a similar level, but hydrogen production is much higher. Instead of 

4.58 million tons, 11.67 million tons are produced on average. A higher hydrogen price 

implies that less hydrogen would be imported because the imports would probably have 

lower prices.  

 

 

Figure 11. The impact of the hydrogen price on the generation portfolio in an energy-only market in 

2050. 

 

Figure 12 displays the Energy Not Served (ENS) and loss of load (LOL) results for all 

market mechanisms and scenarios. The ENS (left side) is categorized by curtailment type: 

DSR, with voluntary curtailment at 1500 Eur/MWh. Under the HH scenarios, an EOM led 

to a slight increase of shortages, with 5.13 h, instead of 4.23 h, and similarly higher and 

more volatile Energy Not Served (ENS), increasing from 6.3 GWh to almost 14 GWh on 

average. Meanwhile, the capacity market and capacity subscription presented the lowest 

shortages occurrences, with the former providing the highest reliability.  

Figure 13 shows installed generation capacity in an energy-only market and with the 

investigated CRMs for the high hydrogen price scenario. The top part of the figure shows 

controllable generation capacity, the bottom part vRES. The top figure shows the declining 

volumes of controllable capacity in an energy-only market and with a strategic reserve. 

The capacity market consistently improves the reserve margin, while the market with ca-

pacity subscription developed an investment cycle, leading to lower security of supply in 

the latter part of the model run. Figure 14 shows the same for the low hydrogen price sce-

nario. In this case, the differences in installed controllable generation capacity are not as 

pronounced, but we still see a lower reserve margin in case of an energy-only market and 

a strategic reserve and a strong investment cycle in case of capacity subscription. 
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Figure 12. On the left, the Energy Not Served (ENS) from involuntary (load-shedded) and volun-

tary load shedding (DSR). On the right, the total Loss of Load (LOL) from involuntary load-

shedding. 

• Capacity market 

The hydrogen price influences the target volume for the capacity market. In the high hy-

drogen price scenario, more vRES is installed. Due to their coincidence, this causes their 

derating factors to be lower in this scenario. The de-rating capacity factor shall reflect the 

statistical degree to which the installed capacity of the reference technology is expected to 

contribute to resource adequacy when ENS occurs [17]. Nevertheless, the high cost of 

back-up hydrogen generators causes a lower level of controllable generation capacity. 

Table 7 shows the derating factors of selected technologies in both scenarios. The higher 

installed VRES in HH reduced the target volume to 19,200 MW, in contrast to the 20,000 

MW in the CM_LH scenario.  

Table 7. Derating factors in the low and high hydrogen price scenarios. 

Hydrogen price High hydrogen (HH) Low Hydrogen (LH) 

Lithium ion battery 4% 16% 

Lithium ion battery 4 5.0% 25% 

Wind Offshore 5.4% 6% 

Solar PV large 0.5% 0% 

Wind Onshore 11.9% 12% 

 

A capacity market keeps the total installed capacity of dispatched technologies at a 

stable level (see Figure 13). Most CRM payments are given to nuclear plants, but the in-

stalled capacity of nuclear does not change. On the contrary, 6 GW of more H2-OCGT are 

installed. In the LH scenario (see Figure 14), 3 GW more of H2-turbines are installed, 

while the capacity of batteries and solar energy is reduced by a similar amount. In this 

way, the mechanism reduces the power shortages in LH and HH, as shown in Figure 12. 

The shortages are reduced to 0.38 hours in HH, which indicates that the CM could be 

slightly oversized. A capacity market reduces the costs to society by 256 million on aver-
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age in HH scenarios, while increasing the costs to consumers by 0.5 Eur/MWh compared 

to the EOM. 

 

 

Figure 13. Installed capacity in the high hydrogen price scenario. The upper figure shows dispatch-

able capacity, the lower total installed capacity including vRES. 

 

 

Figure 14 Installed capacity in the low hydrogen price scenario. The upper figure shows dispatcha-

ble capacity, the lower total installed capacity including vRES. 
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• Strategic reserve 

In general, a strategic reserve prolongs the lifetime of hydrogen turbines. The plants in the 

reserve were dispatched after the DSR, for this reason the average and the volatility of 

electricity prices increased. In the SR_LH scenario the electricity prices increase from 

38.53 Eur/MWh to 42.92 Eur/MWh.  

 Nevertheless, in the HH scenario, the turbines become unprofitable and eventually, 

their share in the reserve is reduced to zero. Similarly, the biofuel plants are decommis-

sioned after some years (see Figure 13). The model only includes old, unprofitable peak 

plants in the reserve. For this reason, after 20 years there are no more plants that could 

enter the reserve, so the reserve is phased out in the model and the effect of the mecha-

nism is minimal. In reality, this would pose a dilemma of whether to build new back-up 

generators for the sole purpose of constituting a strategic reserve. This would be a costly 

solution, as these generators would be more efficiently dispatched in the regular market. 

In the HH scenario, higher scarcity prices were not enough to incentivize more H2 tur-

bines or batteries.  

 

• Capacity Subscription 

From the simulation years 30 to 38, installed capacities of H2-OCGT turbines become 

more volatile, with its installed capacity reduced by 7 GW (see Figure 13). This causes 

more shortages, which again increased the CS price and the installed capacity of H2 tur-

bines. This investment cycle triggered from changing WTP of consumers was also ob-

served in the LH scenario, although there the capacity remains relatively more stable. The 

costs to consumers increase in comparison to an EOM from 38.53 to 38.83 Eur/MWh in 

the LH scenarios and from 59.99 to 60.8 Eur/MWh in the HH scenarios. 

 

3.1.2.5 Summary of the results of the AMIRIS-EMLabpy model analysis 

Table 8 summarises the main findings of the market simulations with the AMIRIS-EMLab 

agent-based model. The energy-only market design is taken as a base case. Its short-

comings are periodic energy shortages that are associated with high prices. This leads to 

higher average prices, but the low frequency and unpredictability of these episodes still 

cause revenue certainty for generation companies to be low.  

All investigated capacity remuneration mechanisms reduce the total cost to society 

(i.e., the total cost of the power system plus the cost to society of power shortages). A 

capacity market reduces cost most in our simulations, even though capacity subscription 

creates a more efficient mix of dispatchable generation capacity, storage and demand-

response. However, in our simulations, these benefits were offset by investment cycles 

that resulted from the short contract duration of capacity subscriptions. A strategic reserve 

appeared to work only as a partial and temporary solution, preserving old plants that are 

approaching decommissioning, but not providing long-term investment security nor damp-

ing consumer price volatility. 
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Table 8. Summary of the results of the agent-based model simulations considering LH scenarios. 

 
EOM SR CM CS 

Limiting shortages - - + +a) +++ ++ 

Reducing costs to society 0 + ++ + 

Reducing costs to consumers 0 - - - - 

Revenue certainty for investors - - - ++b) + 

Avoidance of under/oversizing + - - + 

Reducing electricity price volatility 0 - - - ++ + 

Incentivizing demand response + ++c) -c) +++ 

Footnotes: 

a) Involuntary shedding was reduced but voluntary DSR increased. 

b) Higher if payments are awarded in long-term contracts. 

c) Higher if DSR can participate. 

 

This analysis builds on Sanchez et al. [11], in which a more detailed analysis of the 

performance of an energy-only market with only renewable energy technologies is pre-

sented. This study showed that weather unpredictability affected both supply and demand 

in such a way that system adequacy could not be guaranteed by a market. The business 

case for investing in backup facilities that were needed during infrequent periods with high 

energy demand and low supply of renewable energy, such as cold and windless periods, 

was too low. Their capital costs would need to be recovered during the brief duration of 

such periods, while their frequency is uncertain. From a societal perspective, however, the 

cost of investing in these facilities is outweighed by the benefit of avoiding significant en-

ergy shortages. 

The focus of this deliverable is on market designs that remediate the problem of insuffi-

cient investment. An energy-only market scenario is presented here as a reference case. 

The main findings of this study are as follows: 

• A capacity market delivers the highest level of reliability because it provides the 

government with the most direct control over the level of generation capacity. A 

downside is that it will become increasingly difficult for central planners to deter-

mine the optimal volume of capacity due to the contributions of variable renewable 

energy sources, energy storage, demand response and imports and exports. Each 

of these factors may reduce the need for generation capacity, but it is difficult to 

quantify their contributions.  

A second disadvantage is that a capacity market does not provide intrinsic incen-

tives for energy storage and demand response. It is possible to remunerate them 

by allowing them to sell capacity credits, but storage facilities need to receive de-

rating factors that specify how long they are expected to operate before they are 

empty. Furthermore, demand can only participate if it has a clear baseline con-

sumption pattern that can serve as a reference for their reduction efforts. Neither 

solution is optimal. With HH a capacity market was the mechanism that presented 

the highest capability to reduce shortages. 

 



    

Page 48 of 121 

• A strategic reserve is politically attractive because it is easy to implement. Howev-

er, it can distort the merit order of an energy system with demand flexibility. By 

keeping certain power plants in reserve and dispatching them at the market price 

cap (e.g., the EPEX day-ahead bid cap), it forces demand response to become ac-

tive before the power plants from the reserve are dispatched, even if the variable 

costs of the reserve are much lower than the cost of demand response. As a re-

sult, in the long run, a market with a strategic reserve has more frequent scarcity 

prices than a similar market without a reserve. These more frequent price spikes 

incentivize more investment in hydrogen turbines and batteries than the other mar-

ket designs, leading to slightly higher costs to society than the other capacity 

mechanisms. Finally, a disadvantage of a strategic reserve is that it does nothing 

to stabilize end user prices. In the presence of a high hydrogen price, i.e. a large 

volume of flexible consumption with a relatively high willingness to pay, a strategic 

reserve is not so effective in reducing the shortages.  
 

• Capacity subscription (CS) turns the reliability of electricity supply into a private 

good. (It does not affect service interruptions that are caused by network failures.) 

Both the strength and the weakness of this market design are the fact that all con-

sumers, including households, decide on the level of firm generation capacity that 

they contract. The benefit is that this allows consumers to make an optimal bal-

ance between purchasing firm capacity and their own flexibility, including options 

such as installing energy storage behind the meter. The disadvantage is that this 

provides a less clear investment signal to generators than a capacity market. Small 

consumers cannot be expected to purchase capacity subscriptions with a duration 

of more than one year. Especially in the current phase of the energy transition, this 

does not provide sufficient investment security. Secondly, consumers may find it 

difficult to establish their willingness to pay and the volume of their demand for ca-

pacity. If they do not do this right, they may be unpleasantly surprised when a 

shortage period arises. This may lead to high capacity prices, potentially triggering 

an investment cycle, as was observed in our simulations. Therefore, small con-

sumers may need help from retailer companies and perhaps even regulation of a 

minimum price and minimum volume of capacity.  

 

3.1.2.6 Conclusions of the Dutch case study 

The energy-only market design is not suitable for an electricity system with a high share of 

variable renewable energy. The business case for having sufficient controllable generation 

capacity to withstand rare periods of adverse weather conditions is too weak. Such peri-

ods would require back-up power plants (plus hydrogen production and storage facilities) 

that would operate only once per many years and would need to be remunerated through 

extremely high wholesale electricity prices during these periods. The frequency, duration 

and height of these price spikes is too unpredictable to stimulate sufficient investment.  

A CRM will raise the cost of electricity to consumers slightly but will benefit them 

through higher security of supply and more stable energy prices by avoiding periodic en-

ergy shortages. 
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A capacity market is a mechanism most effective to reduce power shortages, thereby 

reducing the costs to society. Followed by a capacity subscription, which has the ad-

vantage of revealing the demand for back up capacity but has the risk that consumers will 

not consider extreme situations to declare their needed capacity, especially if they haven't 

experienced any electricity limitation in recent years.  

The assessment of the impact of different market design options for the Dutch electrici-

ty market were studied with the AMIRIS-EMLabpy model. The results show that hydrogen 

price has a strong influence on the results. A high hydrogen price incentivizes more nu-

clear energy but doubles the total costs to society and makes the cost recovery more 

volatile.  

The model COMPETES-TNO was used to offer benchmark results for an EOM simula-

tion of the Dutch system. The results of that modelling effort showcased the effect of flexi-

bility on the capacity and generation mix of the Dutch system from a cost-optimal point of 

view.  

3.2 Case Study C: German market 

Germany is the country with the highest absolute renewable electricity generation from 

vRES in Europe. Nevertheless, with around 52% RES share on electricity demand in 2023 

[18], the country is still far from a ~100 % renewable power system, and therefore, large 

investments in vRES are required. It is currently unclear whether the necessary invest-

ments into vRES will be able to sufficiently recover their costs at the energy-only market - 

or whether financial support will be required for de-risking investment decisions [19]. The 

German case study assesses future market-based cost recovery of vRES, thereby taking 

into account the impact of different remuneration schemes. 

3.2.1 Model used: AMIRIS 

The German Case study was carried out using the Agent-based Market model for the 

Investigation of Renewable and Integrated energy Systems (AMIRIS).  

In AMIRIS, actors and entities of the electricity markets are classified as agents and 

can be roughly divided into six categories: power plant operators, traders, marketplaces, 

policy providers, demand, and storage facilities. The model calculates wholesale electrici-

ty prices endogenously by simulating the strategic bidding behaviour of prototyped market 

actors. 

An in-depth model description can be found in deliverable D4.8 [10]. Further information 

on the open version of AMIRIS is available on https://gitlab.com/dlr-ve/esy/amiris/amiris or 

its landing page: https://dlr-ve.gitlab.io/esy/amiris/home/.  

For the analysis of remuneration schemes, the following support instruments have 

been implemented in AMIRIS (see D4.5 [2]): 

i. Fixed market premium (MPFIX): A fixed payment on top per MWh additional to 

market revenues, which is determined ex-ante.  

ii. One-way contracts for difference (1-WAY-CFD): An ex-post price-variable premi-

um scheme. The difference between the production costs, i.e. the strike price (or 

the “value to be applied”) and the monthly, technology specific market value which 

https://gitlab.com/dlr-ve/esy/amiris/amiris
https://dlr-ve.gitlab.io/esy/amiris/home/
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serves as the reference price is calculated ex-post and paid to producers on top of 

market revenues. For fluctuating renewables, the monthly market value is the vol-

ume-weighted average of spot market revenues, calculated hourly on the basis of 

the technical feed-in potential for the respective energy carrier, neglecting curtail-

ment. For other (controllable) renewables, the base price is used. 

iii. Two-way CfD (2-WAY-CFD): A two-sided variant of the 1-WAY-CFD. The differ-

ence between the production costs (or the “strike price”) and the monthly, technol-

ogy-specific market value is calculated ex-post and paid to producers on top of 

market revenues respectively reimbursed in the case of “clawback periods”, when 

market values are higher than the production costs. In this variant, there is only 

one strike price, compared to another variant with a cap and floor price. 

iv. Capacity premium (CP): A payment is made on a per-installed-capacity basis, with 

the total amount equally distributed across the operational lifespan of the plant. 

Note that although future European regulation demands two-way CfDs or equiva-

lent schemes [20] thus most likely involving some sort of clawback, this is not con-

sidered here. The instrument might be extended to do so. One possible extension 

is given in the form of a Financial CfD described in the following. 

v. Financial CfD (FIN-CFD): A production-independent support instrument as pro-

posed by [21]. Similarly, as in the case of CP, a payment is made on a per-

installed-capacity basis. Additionally, the revenue generated by a reference plant 

must be reimbursed. Effectively, this can be seen as combining a capacity premi-

um with a production-independent CfD with a strike price of zero [22]. The original 

proposal defines some options for choosing the reference plant [21]. For the 

prevalent analysis, the country average of all generation of the same technology is 

used. 

In the German case study, the impacts of each support instrument are compared to a 

situation with no support (NONE). This case NONE assumes that vRES do not obtain any 

additional support payments besides revenues from the day-ahead market. 

It is assumed that the day-ahead power market functions competitively, with no single 

market participant having the ability to exert significant market power. Therefore, the sup-

ply-side bids are generally derived from their marginal costs. Marketers of vRES factor in 

the payments they receive for the respective support instrument which might lead to bids 

deviating from their marginal costs for production-dependent support instruments. This 

can result in bids diverging from their marginal costs in case of production-dependent 

support. Note that in this study, support at negative prices is not considered what is in line 

with EU state aid guidelines [23]. Therefore, supply bids are capped at €0/MWh. 

3.2.2 Input data  

The German case study is carried out for the TradeRES scenarios S0 to S4. For each of 

the scenarios, a single snapshot year is simulated in hourly resolution. 

The input data for AMIRIS is derived from the optimisation results of the Backbone 

model for Germany for each scenario. In particular, the following data sets are employed: 

installed power generation and storage capacities, their efficiencies, and load data. More-

over, import and export data from Backbone are used, along with the associated electricity 

prices. 
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Figure 15 presents the installed capacities for different technologies in Germany, as 

calculated by Backbone. Each technology is comprised of different types, such as ground-

mounted and rooftop in the case of PV. The capacity mix is dominated by PV and batter-

ies, particularly in the case of the scenarios S3 and S4 with high vRES shares. The less 

flexible scenarios (S1 and S3) require more backup capacity in the form of hydrogen tur-

bines. The investment in wind turbines is relatively low across all scenarios compared to 

other recent scenarios, e.g., [24], [25]. 

Furthermore, all other input data is aligned with the Backbone model, applied in WP2 of 

this project. This pertains to cost data (CAPEX, OPEX, annuity factors), fuel prices, CO₂ 

emission factors and certificate prices, as well as feed-in potentials of vRES.  

 

 

Figure 15. Installed power generation capacities in Germany per TradeRES scenario. 

 

The dispatch of hydrogen electrolyzers as well as demand-side response, i.e. load 

shedding, is explicitly modelled in AMIRIS. However, the hourly dispatch of other flexibili-

ties, such as storages, flexible heat pumps and electric vehicles, is extracted from Back-

bone and it is ensured that the same dispatch pattern is applied within AMIRIS. This is 

done because AMIRIS currently cannot accurately depict competing flexibility options. 

The 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 guar-

antee a system which refinances the necessary power plants in an efficient manner. To 

achieve this, a previous calibration workflow is carried out using AMIRIS, as described in 

the following.  

In a first step, AMIRIS is iteratively run using MPFIX as a support instrument. Initially, 

these runs start with freely chosen technology-specific premia, which are subsequently 
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adjusted run by run based on the resulting annual cost / revenue balance per vRES tech-

nology. This process is repeated until the technologies in question have covered their total 

costs within a 0.1% tolerance band. The next step is to align the parameterization of all 

other support instruments of interest to achieve full cost recovery as closely as possible. 

This is done by extracting the support payments and production cost by technology for 

MPFIX and calculating the respective premium parameters for the other support instru-

ments individually. 

Consider that the aforementioned support instruments are applied only to vRES, com-

prising PV, onshore wind and offshore wind. It is assumed that all electricity generated by 

vRES will be marketed at the day-ahead market. Hence, this analysis does not consider 

self-consumption, particularly in the case of rooftop PV. 

3.2.3 Simulation results and analysis 

The following section first presents the results for the TradeRES scenario S1 in detail. 

This scenario was selected as it represents an average scenario in terms of the most im-

portant MPI for the German case study, namely market-based cost recovery. Subsequent-

ly, the results are compared across the various TradeRES scenarios for the most relevant 

MPIs.  Please note that for the FIN-CFD case, it is assumed that the feed-in potentials for 

the reference power plant equal those of the actual power plants. 

 

3.2.3.1 Results for scenario S1 

• Technical MPIs 

Regarding technical MPIs (see Annex A for definitions), the simulations of the S1 scenario 

revealed the results presented below. 

MPI #1 describes the share of RES in electricity consumption (Table 9). Note that the 

focus is limited to the share of variable renewables, as the RES share is 100% for all con-

stellations considered, because for Germany, there are no fossil generators in the system 

anymore in scenarios S1-S4. For all remuneration cases considered, the vRES share is 

about 73% showing only minor differences.  The share is lowest for the 2-WAY-CFD case. 

This is because of the clawback periods, and related higher market-based curtailment of 

vRES in this case (see also results on MPI #17, market-based curtailment). 

Table 9. Share of vRES in electricity consumption across support schemes, scenario S1. 

 NONE MPFIX 
1-WAY-

CFD 

2-WAY-

CFD 
CP FIN-CFD 

vRES 

share (%) 
73.2 73.3 73.3 72.9 73.2 73.2 

 

MPI #4 addresses the loss of load expectation (LOLE). It is zero for all cases, since the 

secured capacity meets the demand in all hours of the year. MPI #5, expected energy not 

served (EENS), is 0 correspondingly, since no loss of load is encountered in the simula-

tions for the scenario S1. Note that this is driven by the given capacity mix from Backbone 
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as well as the assumption of having sufficient capacity in the system, if needed provided 

by backup reserve plants. 

MPI #11, the peak load reduction, describes the ratio of the realized demand peak and 

the planned demand peak. It is affected by forced load shedding (as an emergency 

measure in the case of real system shortage), voluntary shedding driven by (high) prices 

exceeding willingness to pay, electricity exchange with neighbouring countries, and stor-

age operation. For the S1 scenario, the relative peak load reduction is in some cases 

negative, up to -1.6%, which corresponds to an increase in peak demand (Table 10). Dur-

ing the planned demand peak, all demand can be met by vRES, creating an incentive for 

export of electricity in all cases except for 2-WAY-CFD. This results in an increased real-

ised demand peak in this hour, which also equals to the global demand peak in the simu-

lation year. For the case of 2-WAY-CFD, the demand peak is lower due to a higher do-

mestic market clearing price resulting from a curtailment period for PV and onshore wind. 

This price exceeds that of exported electricity. Therefore, there is no export in this case, 

and the peak load reduction is effectively zero. 

Table 10. Relative peak load reduction across support schemes, scenario S1. 

 NONE MPFIX 
1-WAY-

CFD 
2-WAY-

CFD 
CP FIN-CFD 

Peak load 
reduction (%)  

-1.6 -1.6 -1.6 0 -1.6 -1.6 

 

MPI #17, market-based curtailment, reveals significant differences for the various sup-

port schemes, Figure 16. The figure presents the average results for each technology, 

aggregating the results for different sub-types (e.g., rooftop and ground-mounted PV sys-

tems).  

 
Figure 16. vRES market-based curtailment using different support schemes, scenario S1. 
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The price limit for the curtailment of vRES installations is determined by their marginal 

costs and, where applicable, the opportunities from a production-dependent support pay-

ment, such as a market premium. Offshore wind is subject to significant curtailment, 

reaching 18% of its total generation potential in the NONE case and for cases where sup-

port instruments do not result in dispatch distortions, such as CP and FIN-CFD. This is 

due to the higher variable costs assumed for this technology compared to other vRES 

options.  

If MPFIX is employed, vRES technology traders factor the value of the premium into 

their supply bids, which remain constant throughout the year. The opportunities associat-

ed with the support payments result in a reversal of the bidding order compared to the 

above cases. As a result, offshore wind becomes the technology with the lowest bids and 

is curtailed less. Onshore wind, on the other hand, which requires only a small premium to 

refinance, bids the highest and is therefore curtailed more. 

There are notable differences in the curtailment between MPFIX and the production-

dependent CFD schemes. In the latter cases, the premia and bids fluctuate throughout the 

year, resulting in a corresponding shift in the curtailment. These variations are particularly 

evident in the 2-WAY-CFD case, which is subject to clawback regulations. In this case, 

when average market values are high in certain months, vRES traders place bids above 

their marginal costs to compensate of anticipated clawback payments, which ultimately 

results in an increase in market-based curtailment. Hence, the total vRES curtailment is 

highest in the 2-WAY-CFD case. 

 

• Economic MPIs 

MPI #27, the system costs for dispatch, reflect the sum of all variable costs, i.e., fuel 

costs, OPEX, and – where applicable – costs for CO2 emission certificates. For the S1 

scenario, the cost is estimated at on average €19.6 billion per year. The highest costs are 

incurred for the 2-WAY-CFD scheme (€19.8 billion per year), which is in line with the low-

est vRES share in this case (compare MPI #1), and higher production volumes of hydro-

gen and related costs. The lowest costs occur for cases when support payments do not 

distort the bidding behaviour of RES as they are either not given or production independ-

ent, i.e. for the cases NONE, CP and FIN_CFD. Note that the system costs for dispatch 

do not comprise cost of the support payments (see MPI #31) or any information regarding 

cost recovery (see MPI #32). 

MPI #28 describes costs to society, Table 11. For the analysis, the electricity price 

payments and the support payments for end users as well as costs for backup provision 

are combined and evaluated on a per MWh basis. In terms of this indicator, the case 

NONE performs best, but as shown below for MPI #32 (Cost Recovery), it describes a 

situation where not all technologies can recover their full costs. Thus, it is not directly 

comparable in this regard, and rational investors would not be expected to make invest-

ments that are not able to break even. Similarly to MPI # 31 (RES Support cost), the 1-

WAY-CFD case also shows the highest costs to society. For the 2-WAY-CFD, the high 

value is explained by the observed curtailment effects (MPI #17), which also contribute to 

the higher electricity price level (MPI #29). 
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Table 11. Costs to society (total average end-user costs), scenario S1. 

 
NONE MPFIX 

1-WAY-

CFD 

2-WAY-

CFD 
CP 

FIN-

CFD 

Costs to  

society 
€/MWh 91.5 97.1 101.5 98.9 97.5 96.5 

 

MPI #29 describes the weighted average electricity price. The volume-weighted aver-

age electricity price at the day-ahead market amounts to between €65/MWh and 

€69/MWh, with the lowest values for 1-WAY-CFD and the highest for 2-WAY-CFD (Table 

12). 

Table 12. Volume-weighted average day-ahead electricity price, scenario S1. 

 
NONE MPFIX 

1-WAY-
CFD 

2-WAY-
CFD 

CP 
FIN-
CFD 

Average 
price 

€/MWh 65.8 65.5 65.4 69.2 65.8 65.8 

For a more comprehensive overview of the distinctions between the support instru-

ments, Figure 17 illustrates the duration curve of day-ahead market prices for the various 

remuneration schemes.   

 

Figure 17. Duration curve of day-ahead market prices for different support schemes, scenario S1. 

 

The price time series for the remuneration cases NONE, CP and FIN-CFD are identi-

cal, as in these cases bidding behaviour is not affected by policy instruments. In contrast, 

in the cases MPFIX and 1-WAY-CFD, vRES traders factor opportunity costs of premium 

payments in supply bids, which results in slightly lower prices for some hours of the year. 

The 2-WAY-CFD scheme has a more significant impact on prices. This is because vRES 
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traders bid at higher prices in some months due to the payback obligations in clawback 

periods, which results in an increase in electricity prices. 

MPI #31, RES support costs, reflect the sum of support that is paid to vRES operators. 

Results are shown in Figure 18. In specific terms (i.e., total support costs divided by gen-

eration), support is highest for PV (€14-23/MWh as weighted average for ground-mounted 

and rooftop-PV, depending on the support instrument). The reason for this is that (1) PV 

exhibits a high level of simultaneity, which results in cannibalization of market revenues, 

and (2) there is a large share of rooftop PV plants (~100 GW) which have higher specific 

costs. To offset this, support payments must be made. In contrast, support costs for wind 

are significantly lower, amounting to €-4/MWh (i.e., a net clawback) to €7/MWh for wind 

onshore, and to €4/MWh to €12/MWh for wind offshore. 

 

 
Figure 18. Average premium per vRES technology and support instrument, scenario S1. 

 

There are notable discrepancies among the support instruments. In the cases of 

MPFIX, 1-WAY-CFD and CP, vRES operators have the potential to generate revenues 

that exceed their total costs in periods with high market values, without being obliged to 

pay those back. Therefore, these excess revenues are not deducted from the premium 

payments in these cases. However, this is done in the 2-WAY-CFD case. Here, excess 

revenues must be refunded, which reduces the net premium payments paid, eventually 

becoming negative for onshore wind. In the case of FIN-CFD, there is also an implicit ob-

ligation to refund excess revenues. The premium is set at a level that exactly covers the 

operator's costs. 

In total, support for all vRES technologies adds up to €3 to €9 billion per year, depend-

ing on the support instrument (Table 13). The 1-WAY-CFD scheme features the highest, 

whereas the 2-WAY-CFD shows the lowest annual payments. 
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Table 13. Annual premium payments per vRES technology and support instrument, scenario S1. 

  
NONE MPFIX 

1-WAY-
CFD 

2-WAY-
CFD 

CP FIN-CFD 

PV bn € /a 0 4.5 6.1 4.0 4.4 3.7 

Wind Onshore bn € /a 0 0.0 1.7 -0.9 0.0 -0.1 

Wind Offshore bn € /a 0 0.7 1.2 0.4 0.6 0.6 

Total bn € /a 0 5.2 9.0 3.4 5.0 4.2 

 

MPI #32, market-based cost recovery, is depicted below for vRES technologies (Figure 

19). The solid bars represent the cost recovery rate from market revenues, while the 

hatched bars represent the cost recovery rate from support payments.  

 

  

Figure 19. Cost recovery for different vRES technologies and support schemes, scenario S1. 

 

In the considered scenario, market revenues generated by PV and offshore wind are 

insufficient to cover their total costs, regardless of variations caused by the support in-

strument. In particular, PV faces low market-based refinancing of around 75% on average, 

due to the high level of simultaneity and resulting lower market values, compared to wind. 

However, there are differences in the types of PV. Rooftop PV, which is more expensive, 

is at a disadvantage (55% market-based cost recovery in case NONE), while cheaper 

newly installed ground-mounted PV can cover its costs via the market (153%). 

By contrast, market revenues for wind, particularly onshore wind, are closely at the 

point of covering costs. Market-based cost recovery rates for the case without support 

(NONE) are at 101% for onshore wind and 90% for offshore wind. The use of a 2-WAY-

CFD results in market revenues clearly exceeding total costs for onshore wind, due to 

higher electricity prices as a consequence of higher curtailment (see MPIs #17 and #29). 
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Figure 19 also shows the total cost recovery for the renewable power plants, highlight-

ed by hatched bars. By design, cost recovery is (at least) 100% in all scenarios with a 

support scheme. Overfinancing, i.e., cost recovery rates above 100%, is possible for 

those support instruments that do not include a payback obligation for revenues exceed-

ing total cost. This applies to MPFIX, 1-WAY-CFD and CP.  

It is notable that, despite the underlying concept of the instrument, overfinancing is also 

evident in the 2-WAY-CFD case. This is because in this case, the premia are calculated 

according to the predicted generation of vRES, which does not yet consider market-based 

curtailment. However, the revenues generated for vRES operators are based on the actu-

al generation, after curtailment. In this way, vRES operators avoid payback, which effec-

tively increases their revenues and may even exceed their total costs. 

As previously stated, for the FIN-CFD case, the feed-in potentials for the reference 

plant are assumed to be equal to those of the actual plant in this study. Consequently, this 

support instrument will result in 100% refinancing for all vRES technologies. 

 

• Environmental MPI 

MPI #45, power system emissions, are zero for the S1 scenario, independent of the sup-

port instrument. This is because S1 considers a power system that relies on renewables 

and (green) hydrogen only. 

 

3.2.3.2 Cross-scenario comparison 

This subsection presents a comparison of the impact of varying scenario assumptions on 

selected relevant MPIs for the German case study. 

 

• MPI #32, Market-based cost recovery 

Figure 20 shows the market-based cost recovery for PV (left) and onshore wind (right) 

across the scenarios S0 to S4. Depending on the scenario and policy instrument, the 

market-based cost recovery rates vary significantly, ranging from 37% to 98% for PV, and 

from 72% to 151% for onshore wind.  

  

Figure 20. Market-based cost recovery for PV (left) and onshore wind (right) for different support 

schemes across TradeRES scenarios S0 to S4. 
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The S2 scenario, which has greater demand flexibility and high hydrogen prices, shows 

the highest market-based cost recovery rates. The higher hydrogen price lead to higher 

electricity prices at the day-ahead market, and thus higher market values for renewables, 

particularly in the winter months. In addition, the scenario-immanent high demand flexibil-

ity has a stabilising effect on market values. The latter results in relatively elevated refi-

nancing rates in scenario S4, despite the hydrogen price being lower than in S2. In con-

trast, in scenario S3, which has the same hydrogen price as S1, the share of renewables 

is higher than in scenario S1. The merit order effect results in a lower price level, not be-

ing compensated by the relatively low use of flexibility in this scenario. Hence, market val-

ues, and therefore market-based cost recovery, are comparably low in this scenario. 

The S0 scenario has the lowest share of renewables and limited sector coupling. The 

latter results in lower flexible demand which could stabilise the market values of renewa-

bles. Hence, this scenario demonstrates the lowest market-based cost recovery rates, as 

expected. Except for S0, the 2-WAY-CFD scheme performs best across scenarios regard-

ing the market-based cost recovery. This is due to the highest electricity prices for this 

support instrument, which are a consequence of the curtailment effects that occur during 

clawback periods, as described below. These results reveal that the scenario has a much 

stronger effect towards market-based cost recovery than the support instrument, given the 

nearly “ideal” parameterization assumed here. 

 

• MPI #17, market-based curtailment 

Figure 21 shows the aggregated market-based curtailment for all vRES technologies 

across TradeRES scenarios and policy instruments. Values range from 1.3% to 7.4%. The 

highest level of curtailment is observed in S3. This is due to an imbalance between a rela-

tively high share of renewables (compared to S0 and S1) and low demand flexibility. Sce-

nario S2 shows the lowest level of curtailment. 

 

 

Figure 21. Total relative curtailment of vRES for different support schemes across TradeRES sce-

narios S0 to S4. 
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With respect to the policy instruments, the highest levels of total curtailment are ob-

served for the 2-WAY-CFD case for most scenarios. Therefore, the conclusion that this 

instrument results in a greater degree of curtailment due to payback obligations during 

clawback periods appears to be well-founded. 

 

• MPI #31, RES Support cost 

Figure 22 depicts the total annual support cost paid to vRES operators. To compensate 

the low market-based cost recovery as described above, the highest level of support 

payments is associated with the S3 scenario for most support cases, reaching a total of 

EUR 21 billion for the 1-WAY-CFD case. This is in line with the high-RES share in S3 

while at the same time, a lack of flexibility compared to S2 and S4 leads to a lack of mar-

ket value stabilization and thus the need for higher total support payments. The support 

payments in S4 for all cases but the 1-WAY-CFD case are below those of S3 except for 

the much higher PV installations. 

In general, the 1-WAY-CFD scheme has the highest support payments across the sce-

narios. This is because this one-sided support scheme does not entail any payback obli-

gations for vRES operators during periods with high market revenues. Conversely, this 

instrument results in high payments for vRES operators when market values are low in 

certain months, as is particularly the case for PV in S4. In contrast, support payments may 

become negative for two-sided support cases, reaching a total of EUR -6 billion for the 2-

WAY-CFD case in S2. 

 

Figure 22. Total premium payments for different support schemes across TradeRES scenarios S0 

to S4. 

Figure 23 depicts the costs to society, given as the total average end user costs that 

include electricity prices as well as support payments and also a refinancing of backup 

capacity. Note that though this metric comprises all cost categories, the systems are not 

directly comparable as in the NONE case, there may be cases where not all costs are 
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recovered. Also, note that the differences in the levels again are strongly driven by sce-

nario assumptions and strongly correlate with assumed hydrogen prices of the scenarios. 

Regarding the support instruments, it can be observed that the 1-WAY-CFD shows the 

highest costs for society to be ultimately borne by end users, particularly driven by high 

support costs in this case. For the 2-WAY-CFD, the second highest values can be ob-

served due to high electricity costs for end users, except for the S2 scenario, which shows 

negative total support payments (see MPI #31 above). The FIN_CFD shows the lowest 

values among the support instruments. 

 

 

Figure 23. Total average end user costs (costs to society) for different support schemes across 

TradeRES scenarios S0 to S4. 

 

3.2.4 Final remarks and outlook 

The German case study has demonstrated the necessity for support instruments to miti-

gate the risks associated with vRES investments. This is particularly the case with rooftop 

PV, which has relatively high costs and cannot generate sufficient income at the market. 

However, it should be noted that no further opportunities have been accounted for regard-

ing rooftop PV, such as, e.g., the financial incentive for self-consumption for households 

with rooftop PV. 

The results of the analysis reveal that the outcomes are highly sensitive to the underly-

ing assumptions of the scenarios. In particular, the scenario-immanent flexibility of de-

mand and the price of imported hydrogen have a significant impact on market outcomes. 

It has been found that this drives cost recovery rates to a much greater extent than the 

support instruments themselves, given the assumed nearly “ideal” parameterization. 

All instruments considered guarantee at least 100% refinancing of vRES technologies. 

A significant finding is that two-way CfDs have the effect of increasing market-based cur-

tailment, leading to higher market prices that benefit the refinancing of vRES, but must be 

borne by end users. 
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It should be noted that the parameterisation of all support instruments is based on the 

assumption of perfect information regarding the market performance of vRES, as reflected 

in the simulation results. In practice, however, such information is not available for ex-ante 

designed support instruments such as MPFIX. The parameterisation of the support in-

struments is therefore idealised in this case study; their efficiency is to be considered a 

benchmark that is difficult to achieve in reality. In this regard, the different instruments 

require ex ante prognoses of different parameters: e.g., a CfD scheme requires for a 

prognosis of the total production costs, i.e., the levelized costs of electricity, which can be 

prognosed with some degree of certainty, while for a capacity premium or a fixed market 

premium, an ex-ante prognosis of the cumulated market income over the lifetime is need-

ed, which is highly insecure. These factors also have implications towards financing condi-

tions and costs of capital [26] which is neglected in the prevalent analyses. Also, for the 

Financial CfD, the newly introduced base risk of deviating from the reference plant [27] is 

not considered by the simplifying assumption that the plants profile perfectly matches the 

reference profile. What is more, for instruments that do not foresee any clawback, market 

participants might factor in some higher additional (uncertain) revenues from markets and 

bid at lower prices in auctions for determining renewable energy support. 

Further research is required to gain a deeper understanding of the deviating risk struc-

tures of support instruments and strategic bidding behaviour in auctions for renewable 

energy support. It would also be beneficial to study additional scenarios and the effect of 

multiple competing endogenous flexibility sources on market value stabilisation for varia-

ble renewable energy sources, considering the strategic behaviour of market actors. 

 

3.3 Case Study D: Iberian market (MIBEL)  

The Portuguese and Spanish governments worked together to create the Iberian Electrici-

ty Market (MIBEL) to foster the integration of their respective power systems.  This Euro-

pean regional electricity market became a reality in July 1st, 2007 [28]. MIBEL comprises 

the day-ahead and intraday spot markets (based on a double auction mechanism), intra-

day continuous (based on a pay-as-bid scheme), and derivative markets (e.g., forward 

and futures) [29]. Furthermore, the Iberian market governing bodies are also responsible 

for the ratification of all private bilateral agreements for electrical energy acquisition in this 

European region. Ancillary services in Portugal and Spain are operated independently of 

MIBEL and managed nationally, by each TSO. 

In this second edition of deliverable D5.3, the Iberian market case study focuses on 

studying the impact of different market bundles (e.g., existing day-ahead market and a (6-

hour) period-ahead market – PAM [30]) on vRES performance, the diversification of the 

participation of renewable producers in different markets through an active strategy bid-

ding in different markets, and the potential vRES participation in ancillary services trading 

[3].  

3.3.1 Models used: MASCEM and RESTrade 

TradeRES’ Iberian case study uses the Multi-Agent System for Competitive Electricity 

Markets (MASCEM) and the Multi-agent Trading of Renewable Energy Sources (RE-

STrade) models and simulation tools. MASCEM models the main market entities and their 
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interactions. Market entities are implemented as software agents, such as market and 

system operators, buyer and seller agents (consumers, producers, and/or prosumers), 

and aggregators. MASCEM accommodates the simulation models of three of the main 

European Electricity Markets (EM), including MIBEL’s day-ahead market, the auction-

based intraday market, and the continuous intraday market, as well as the double (sym-

metrical pool) and single-sided (asymmetrical pool) auction models. 

RESTrade models the traditional power and energy reserve markets, supporting the 

participation of conventional dispatchable power plants, variable renewable energy sys-

tems, and demand players in the system balance. Furthermore, it also includes newly 

designed models for balancing markets and the imbalance settlement according to the 

new European legislation and other changes to improve the efficiency of these markets 

considering the: i) separate procurement, ii) marginal prices, iii) non-discriminatory ac-

cess, and iv) fair cost distribution [31], [32]. Figure 24 illustrates the MASCEM-RESTrade 

coupling workflow. 

 

 

Figure 24. MASCEM-RESTrade coupling workflow. 

 

For the analysis of market bundles, the strategic participation of RES producers, and 

the potential vRES participation in ancillary services trading, the following instruments 

have been considered: 

• Day-ahead market (DAM): The current market design in use in Europe for the single 

day-ahead coupling (SDAC) [29]. 

• Period-ahead market (PAM): A new market design proposal to be compared with 

the current day-ahead market design [3]. This market design aims to support the in-

tegration of vRES by improving their power forecast accuracy [30], which in turn 

helps to reduce the balancing needs and overall system costs. Additionally, it can 

enhance the grid flexibility and the emergence of technologies/solutions capable of 

providing the necessary flexibility in short-term. In this case, PAM involves bidding 

for 6 hours ahead, with four updates throughout the day. The remaining configura-

tion of this market is identical to the existing DAM. 

• Intraday Continuous market (IDM): The current Iberian single intraday coupling 

(SIDC) model, which integrates MIBEL is a Pan-European intraday continuous cou-
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pling [29]. This design provides low liquidity to vRES that tend to bid closer to each 

session end to avoid large forecast errors. After testing and presenting the results of 

the SIDC to the advisory board, it is considered continuous bidding but not trading, 

being the market cleared by the end of each session to give priority to vRES, using 

the SIDC pay-as-bid scheme. 

• Cross-border power flow validation and market splitting detection due to overhead 

power lines congestion was applied, considering the seasonal line rating in 2030 

and dynamic line ratings in 2050 [33]. 

• Secondary Reserves: The current designs in both Portugal and Spain were simulat-

ed, but considering the separate procurement of upward and downward power and 

allowing the participation of vRES. This reserve was modelled and implemented us-

ing the procurement of power based on the ENTSO-E guidelines [34]. 

• Tertiary Reserves: The participation of vRES in this market was permitted in this 

case study. In Portugal, this is contrary to the current rules. In Spain, wind already 

participates actively in this market while solar PV participates only in a pilot project 

[35]. Both reserves have also been adapted to the PAM, closing after the PAM and 

trading in the same periods as the PAM. 

• Imbalance Settlement: It has been considered that the Portuguese mechanism is 

applied in both countries. This mechanism passes all balancing costs to BRPs 

equally and independently of the balance direction. 

It should be noted that the models used in this case study do not simulate or study in-

vestment decisions. They aim, in turn, to simulate and replicate real spot market’s opera-

tion as well as to test and study new market designs including vRES contribution to ancil-

lary services. For further details about these models and their integration, please refer to 

deliverable D4.8 [10]. 

3.3.2 Input data 

The MIBEL case study is carried out for the TradeRES scenarios S0 to S4 (see Figure 2). 

For each of the scenarios, a single snapshot year is simulated in hourly resolution. The 

input data for the models used are derived from the optimisation results of the Backbone 

model for Portugal and Spain for each scenario. In particular, the following datasets are 

used: installed power generation, storage characteristics (capacities, generation and stor-

age efficiencies), and real-time demand data. Moreover, cross border data capacities are 

also used within Backbone. The cross-border capacities in MIBEL are computed using 

seasonal line ratings in 2030 and dynamic line ratings in 2050 [36].  

Figure 25 presents the optimized installed capacities for the different technologies in 

Portugal and Spain, as determined in WP 2 of the project, for the characteristics of the five 

scenarios (S0 – S4) developed in TradeRES project. 

Figure 25 illustrates how different power generation technologies evolve and contribute 

to the energy mix as the scenarios progress towards a near 100% RES power system. 

The capacity mix is dominated by solar photovoltaic and wind (onshore) power genera-

tion, 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 pre-

sent higher vRES capacities. 
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Figure 25. Installed power generation capacity by technology in Portugal (on the left) and Spain (on 

the right) per scenario. 

 

The most significant investments in Portugal across all scenarios are in photovoltaic 

and wind-based (e.g., onshore and offshore) generation technologies. In turn, the most 

significant investments in Spain are in those technologies, but also in batteries. In all sce-

narios, both countries decommissioned natural gas (CCGT – combined cycle gas tur-

bines), while Spain also decommissioned other still existing non-renewable technologies 

and part of nuclear capacity. These investments and disinvestments are reflected not only 

in the technologies’ capacities, but also in the number of players per technology participat-

ing in each scenario. 

The outcomes of the scenarios reflect the clear transition towards renewable energy 

technologies and a reduction in the reliance on fossil fuels in the future. Additionally, new 

capacity related to residential heating and cooling, as well as electric vehicles and electro-

lysers, will play an increasingly important role in the energy mix across all future scenari-

os. Details regarding the outcomes of the Backbone model can be found in the public de-

liverables and databases from TradeRES´ WP 2. 

In addition to the Backbone data, in this case study, to generate bids that reflect the re-

ality as close as possible, data from the DAM and IDM (e.g., the total number of units bid-

ding in a specific hour) have also been gathered from the Iberian market operator (OMIE) 

[29] and used in the simulations. 

 

3.3.2.1 Bids generation in MIBEL case study 

Given the competitive EM models provided by MASCEM, and aiming to reproduce as 

faithful as possible the Iberian reality, the market players’ bids are generated having in 

mind the total amount of energy available per technology in each simulation scenario and 

ensuring that selling bid prices are always greater or equal to each technology’s marginal 

costs. It should be noted that, using the marginal cost of each technology for the bid price 
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would result in the same as having one player per technology bidding, hindering the com-

petitive nature of the liberalized EMs and failing to properly reflect typical market opera-

tions. 

One difference regarding the optimal solution provided by Backbone is that hydroelec-

tric power plants bid based on the social value of water according to the reservoir level. 

The use of this value allows to mimic the behaviour of market participants using this tech-

nology, as they can strategically bid based on the abundance or scarcity of water in the 

reservoir. The social value of water has been modelled to be first in the market merit order 

than gas power plants (in 2030) and other dispatchable renewable generation (in 2050) 

where the reservoir level is above 50%. Furthermore, hydroelectric power plants can push 

out nuclear power plants from the market where the reservoir levels are above 90%. As 

the last resource to avoid forced load shedding, hydroelectric power plants are only used 

after demand side response when their reservoir content is below 10% [37].  

Figure 26 presents the social value of water in Spain and Portugal during 2030, based 

on the observed national (mainland only) aggregated reservoir data from both TSOs for 

the year 2019. 

 

Figure 26. Illustration of the social value of water used in Portugal and Spain. 

 

• Bids generation for DAM/PAM 

Regarding the generation of DAM/PAM bids, significant effort was given to produce input 

data as realistic as possible. To this end, OMIE’s data from 2022 [38] was used to identify 

existing players, their units, and technologies. Equation 1 presents the mathematical for-

mulation of the bid generator regarding the energy volume distribution. 

𝐵𝑖𝑑(𝑠𝑐𝑒,𝑡𝑒𝑐,𝑢𝑛𝑖𝑡,𝑝,𝑑,𝑚)
𝑣𝑜𝑙𝑢𝑚𝑒

=

{
 
 
 

 
 
 

𝐵𝑖𝑑(𝑡𝑒𝑐, 𝑢𝑛𝑖𝑡,𝑝,𝑑,𝑚)
𝑉𝑜𝑙𝑢𝑚𝑒 2022

∑ (𝐵𝑖𝑑(𝑡𝑒𝑐, 𝑢𝑛𝑖𝑡,𝑝,𝑑,𝑚)
𝑉𝑜𝑙𝑢𝑚𝑒 2022 )𝑁𝑖𝑛𝑖𝑡

𝑢𝑛𝑖𝑡=1

× 𝑉𝑜𝑙𝑢𝑚𝑒(𝑡𝑒𝑐,𝑝,𝑑,𝑚)
𝑠𝑐𝑒  𝑖𝑓 𝑢𝑛𝑖𝑡 ∈ 2022

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦(𝑡𝑒𝑐,𝑢𝑛𝑖𝑡) 
𝑠𝑐𝑒

∑ (𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦(𝑡𝑒𝑐,𝑢𝑛𝑖𝑡) 
𝑠𝑐𝑒 )𝑁𝑖𝑛𝑖𝑡

𝑢𝑛𝑖𝑡=1

× 𝑉𝑜𝑙𝑢𝑚𝑒(𝑡𝑒𝑐,𝑝,𝑑,𝑚) 
𝑠𝑐𝑒 𝑖𝑓 𝑢𝑛𝑖𝑡 ∉ 2022

𝑉𝑜𝑙𝑢𝑚𝑒(𝑡𝑒𝑐,𝑝,𝑑,𝑚) 
𝑠𝑐𝑒  𝑖𝑓 𝑢𝑛𝑖𝑡 ℎ𝑎𝑠 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑓𝑜𝑟𝑒𝑐𝑎𝑠𝑡

∀𝑠𝑐𝑒 ∈ 𝑁𝑠𝑐𝑒, ∀𝑢𝑛𝑖𝑡 ∈ 𝑁𝑢𝑛𝑖𝑡, ∀𝑝 ∈ 𝑁𝑝, ∀𝑑 ∈ 𝑁𝑑, ∀𝑚 ∈ 𝑁𝑚

 
(1) 

where, 𝑠𝑐𝑒 identifies the scenario, 𝑁𝑠𝑐𝑒 is the total number of scenarios, tec identifies the 

technology, unit identifies the player’s unit, 𝑁𝑢𝑛𝑖𝑡 is the total number of units, p identifies 

the trading period, 𝑁𝑝 is the total number of periods, d identifies the day, 𝑁𝑑 is the total 
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number of days, m identifies the month, 𝑁𝑚 is the number of months, 𝐵𝑖𝑑(𝑠𝑐𝑒,𝑡𝑒𝑐, 𝑢𝑛𝑖𝑡,𝑝,𝑑,𝑚)
𝑣𝑜𝑙𝑢𝑚𝑒  

represents the bid’s energy volume per scenario, technology, unit, period, day, and 

month, 𝐵𝑖𝑑(𝑡𝑒𝑐, 𝑢𝑛𝑖𝑡,𝑝,𝑑,𝑚)
𝑉𝑜𝑙𝑢𝑚𝑒 2022  represents the bid’s energy volume executed in 2022 per scenario, 

technology, unit, period, day, and month, 𝑉𝑜𝑙𝑢𝑚𝑒(𝑡𝑒𝑐,𝑝,𝑑,𝑚) 
𝑠𝑐𝑒  represents the scenario’s total 

energy volume available per technology, period, day, and month, and 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦(𝑡𝑒𝑐,𝑢𝑛𝑖𝑡) 
𝑠𝑐𝑒 rep-

resents the scenario’s capacity per technology and unit. 

If a unit existed in OMIE’s 2022 data, its bidding volume for a given scenario is set ac-

cording to its bidding volume ratio in 2022. In the case of being a newly added unit, its 

bidding volume is set in accordance with the unit’s capacity ratio within the given technol-

ogy. Finally, are also considered renewable-based units with specific energy volume fore-

casts per trading period, day, and month are also considered.  

Forecasts are based on the results reported in the second edition of D4.9 [30], and up-

scaled to each scenario’s installed capacity. Data from several wind and solar PV power 

plants in Portugal and Spain were available, and the first step involved obtaining forecast 

data for each plant taking into account the nominal capacity in 2019. These forecasts 

were then upscaled proportionally to the installed capacity in each scenario. This ap-

proach allows the participation of vRES players with different generation profiles, and, 

consequently, diversifying bids in the MIBEL. Thus, all steps previously described allowed 

the diversification of the generated bids, aiming to replicate the bidding of renewable-

based generators. In the strategy implemented across various simulations in this case 

study, vRES players bid based on their forecasts for DAM/PAM by: i) submitting the full 

hourly forecast values, or ii) bidding 80% of the forecast. In the latter case, the remaining 

20% is reserved for participation in balancing markets. Equation 2 presents the mathemat-

ical formulation for the bid prices definition. 
 

𝐵𝑖𝑑(𝑡𝑒𝑐, 𝑢𝑛𝑖𝑡,𝑝,𝑑,𝑚)
𝑝𝑟𝑖𝑐𝑒 𝑠𝑐𝑒

= 𝑚𝑎𝑟𝑔𝑖𝑛𝑎𝑙 𝑐𝑜𝑠𝑡(𝑡𝑒𝑐) × 𝑛𝑟𝑎𝑛𝑑(𝑑𝑜𝑤𝑛(𝑡𝑒𝑐), 𝑢𝑝(𝑡𝑒𝑐))

∀𝑠𝑐𝑒 ∈ 𝑁𝑠𝑐𝑒, ∀𝑢𝑛𝑖𝑡 ∈ 𝑁𝑢𝑛𝑖𝑡, ∀𝑝 ∈ 𝑁𝑝, ∀𝑑 ∈ 𝑁𝑑, ∀𝑚 ∈ 𝑁𝑚
 (2) 

 

where, 𝐵𝑖𝑑(𝑡𝑒𝑐, 𝑢𝑛𝑖𝑡,𝑝,𝑑,𝑚)
𝑝𝑟𝑖𝑐𝑒 𝑠𝑐𝑒  represents the bid price per scenario, technology, unit, period, day, 

and month, 𝑚𝑎𝑟𝑔𝑖𝑛𝑎𝑙 𝑐𝑜𝑠𝑡(𝑡𝑒𝑐) represents the technology’s marginal cost, and 

𝑛𝑟𝑎𝑛𝑑(𝑑𝑜𝑤𝑛(𝑡𝑒𝑐), 𝑢𝑝(𝑡𝑒𝑐))represents a random number determined between the technology’s 

upper (𝑢𝑝(𝑡𝑒𝑐)) and bottom (𝑑𝑜𝑤𝑛(𝑡𝑒𝑐)) limits. 

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 renewable sources, as well as pumped hydro storage (PHS) for both charging and 

discharging). 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), hydrogen tur-

bines, and residential heating and cooling system. The corresponding range varies ac-

cording to the unit’s technology type. Thus, bid prices fluctuate within the same technolo-

gy, aiming to introduce price volatility and competitiveness among players of the same 

technology, trying to represent real-world scenarios. 
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• IDM orders generation 

The generation of IDM orders, in turn, considers the untraded volume of the DAM, updat-

ed forecasts for PV and wind-based units, and the units allocated to the secondary re-

serves. For each simulation scenario, a forecast dataset and a list of units allocated to the 

secondary reserves are considered. 

The units allocated to reserves may or not participate in the IDM, depending on the 

amount of energy volume allocated to the reserves markets. Solar and wind-based units 

adjust the energy traded in the DAM according to updated generation forecasts (closer to 

supply) and if they have surplus, they submit selling orders to IDM, otherwise, they submit 

buy orders to fulfil the volume traded in DAM that may lack. Load units also set their IDM 

orders based on updated consumption forecasts. Similarly, if these units have energy sur-

plus, they submit selling orders to the IDM, otherwise, they submit demand orders to satis-

fy the required demand. The remaining units, only trade in IDM if they have untraded vol-

ume from the DAM. 

IDM order prices also vary according to the technology and transaction type. Load units 

submit buying orders with the maximum allowed price, i.e., 4000 EUR/MWh, to ensure the 

acquisition of the required demand. If selling, these units submit orders with prices varying 

between the DAM clearing price and 10% above. Power generation units, in turn, submit 

selling orders with prices set to 0 EUR/MWh, to ensure the energy dispatch. And, if buy-

ing, they set their orders’ price between 10% below the DAM clearing price and the DAM 

clearing price. The approach previously described is also applied when the PAM is con-

sidered. 

 

• Reserves orders generation 

Power bids to the secondary reserve (SecR) are based on the programmed dispatch of 

the DAM/PAM and the available capacity of each fast-response power plant. In the strate-

gic scenarios (see section 3.3.3), vRES bids 20% of their expected deterministic power 

forecast for upward regulation and their DAM/PAM programmed dispatch for down-

regulation. The value defined for upward regulation considered the almost certain real-

time dispatch of vRES. Price bids are based on the real bids [39] used in the starting point 

scenario (2019) and presented in the first version of this deliverable.  

Energy bids for the SecR are based on the clearing bids of the secondary power mar-

ket. Price bids are based on the outputs of the DAM/PAM and the marginal prices of the 

power plants. Bids not cleared in the secondary market are carried over to the tertiary 

reserve (TR) market, along with bids from players who can only participate in the tertiary 

market due to their technical capabilities. Bids to the tertiary energy market are fixed after 

clearing the IDM. 

 

3.3.3 Simulation results and analysis 

Table 14 displays the market design variations studied in each simulation scenario of the 

Iberian case study, which were defined considering the research questions formulated for 

this case study. 
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Table 14. Market bundles studied per simulation scenario in the Iberian case study. 

Scenario Market Design Simulation designation 
Price 

Strategy 

Energy 

Strategy 

S0 

DAM + SecR + IDM + TR S0_DAM_Simple Simple NA 

PAM + SecR + IDM + TR S0_PAM_Simple Simple NA 

DAM + SecR + IDM + TR S0_DAM_Strategic Strategic ✓ 

PAM + SecR + IDM + TR S0_PAM_Strategic Strategic ✓ 

S1 DAM + SecR + IDM + TR S1_DAM_Strategic Strategic ✓ 

S2 DAM + SecR + IDM + TR S2_DAM_Strategic Strategic ✓ 

S3 DAM + SecR + IDM + TR S3_DAM_Strategic Strategic ✓ 

S4 DAM + SecR + IDM + TR S4_DAM_Strategic Strategic ✓ 

 

According with Table 14, the main scenario variations in the simulations performed 

within the Iberian case study are the:  

i) market design (DAM or PAM) with changes in the trading/gate closure,  

ii) the price and energy (Simple or Strategic) strategies used in the DAM/PAM bid 

generation that can be applied by market participants, and  

iii) the TradeRES scenarios, which allow the assessment of market performance 

under nearly 100% RES power systems.  

Concerning the optimal solution obtained in Backbone, the simple strategy bidding 

scenarios consider the social value of water, and a random value is applied to the margin-

al prices of each technology (as presented in equation 2). In the strategic bidding scenari-

os, that represent an active participation of vRES players, in addition to the previous as-

sumptions, 20% of the DAM/PAM vRES hourly energy forecast is allocated to allow the 

participation of these players in the reserve markets, and the remaining energy (80%) is 

bid in the DAM/PAM. This assumption was based on preliminary work presented in [40]. 

The following section focuses on the MPIs analysis for scenario S0, where different 

market designs, price and energy strategies are analysed. Then, the results of the MPIs 

for scenarios S1 – S4 are presented. Details on the calculation of MPIs can be found in 

Annex A.  

3.3.3.1 S0 results’ analysis 

To compare the different scenario variations according to combinations of market de-

signs with price and energy bidding strategies, technical, economic, environmental, and 

social MPIs are analysed. From the MPIs list defined in the scope of the TradeRES pro-

ject, only the ones adequate for MASCEM and RESTrade ABMs have been selected. The 

MPIs are presented for Portugal (PT) and Spain (ES). 

 

• Technical MPIs 

The technical MPIs aim to compare the various market design options from a technical 

point of view to assess their performance. 
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MPI #1 indicates the level of integration of RES in electricity consumption as it is im-

portant to understand the position of the different energy mix scenarios analysed in the 

pathway for a nearly 100% RES power system, Figure 27. 

 

 

Figure 27. Share RES integration in the electricity consumption in Portugal and Spain. 

 

The results from the previous figure show RES share values ranging from 82.4% to 

87.3% in Portugal and from 60.4% to 75.5% in Spain. In both countries, the simple strate-

gy simulations consistently lead to higher RES share values. Nevertheless, in Portugal, 

the impact of this bidding strategy is relatively small, with differences of around 6%, while 

in Spain, the differences can reach up to 15%. In the simple strategy, vRES bid their full 

expected production, maximizing the RES share. However, when providing balancing ser-

vices, vRES may need to curtail some of their power, reducing their overall share, as can 

be seen in the strategic simulations. Consequently, part of the 20% allocation for balanc-

ing reserves may remain unused. In the strategic PAM (compared with DAM), the balanc-

ing needs are lower due to the improvements in the power forecast accuracy. Therefore, 

vRES will provide less balancing energy, increasing their share. In Portugal, the sensitivity 

to strategic behaviour in the RES share is reduced. For Portugal, the RES share in the 

balancing services is lower (MPI #16) as well as the vRES curtailments (MPI #17), when 

compared to Spain. 

MPI #4 (LOLE) and MPI #5 (EENS) are 0 meaning that, even in scenarios with high 

share of RES both power systems analysed did not face periods with i) reduced security 

of supply and ii) LOLE and EENS values above the technically defined limits between 3 to 

8 hours per year [41]. In addition, no load shedding event (MPI #8), usage of demand side 

response (MPI #10), or peak load reduction (MPI #11) occurred in these scenarios. Simi-

larly to the description in the German case study, these results are influenced by the ca-

pacity mix provided by Backbone, as well as the assumption of having sufficient capacity 

in the system, which can be supplied by backup reserve plants if needed.  

MPI #12 presents the results for energy procurement in ancillary services (AS) for the 

Iberian market (Figure 28), with the goal of assessing the impact of the two bidding strate-

gies analysed in this case study.  
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a) 

 
b) 

Figure 28. Energy procurement in the ancillary services in the Portuguese and Spanish power 
systems: a) balanced energy, and b) share in the total demand. 

 

In addition to the energy procurement for AS, in this figure, the share that it represents 

in the total demand is also depicted, for a better comparison according to each country. 

Spain allows players to participate in imbalance resolution mechanisms, which occur after 

the continuous intraday markets and before balance control. Additionally, by permitting 

vRES to participate in AS, Spain can manage some of the vRES deviations, thereby re-

ducing the overall need for curtailments. In this case study, it was assumed that in simple 

strategy simulations vRES cannot participate in the balancing markets, while in the strate-

gic simulations they can. 

In the strategic simulations, vRES are bidding only 80% of the deterministic forecast in 

the DAM/PAM, reserving 20% for providing (if needed) balancing services. Therefore, as 

depicted in Figure 28, the strategic behaviour leads to an increase in the balancing needs. 

This effect is particularly pronounced in the DAM, where the largest vRES power forecast 

errors are observed (see MPI #25). 

MPI #13 analyse the capacity procurement in AS normalized to the total demand and 

the capacity usage (MPI #14) for the different simulations, Figure 29. 
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a) 

 
b) 

Figure 29. a) Capacity procurement in ancillary services relative to the total demand, and b) 
usage. 

 

Regarding the capacity procurement, only a slight difference between the DAM and 

PAM scenarios occurs due to a better load forecast accuracy in the PAM scenarios. The 

simulation results depicted in Figure 29a) indicate that both countries are reserving more 

capacity in the SecR market than is really needed to balance the system. The typical pro-

curement of secondary power (Figure 29b)) results in a capacity usage, on average, be-

low 27% regarding the allocated power. These values are even lower in the strategic sim-

ulations, ranging from 19.6% (S0 PAM strategic in Portugal) to 22.9% (S0 DAM strategic 

in Portugal). Results highlight the inefficiencies of the existing approach, and, therefore, a 

more dynamic methodology should be developed to ensure system balance while main-

taining sustainable resource usage and costs [33]. 

MPIs #15 and #16 analyse the participation of demand and vRES in AS. While de-

mand-side players (MPI #15) have a 0% share, as expected, only the S0 DAM Strategic 

and S0 PAM Strategic simulations - employing price and energy strategies - show vRES 

participation in ancillary services (Figure 30). 
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Figure 30. Share of vRES participation in the ancillary services in Portugal and Spain. 

 

According to Figure 30 (MPI #16), in Spain, vRES participation ranges from 73.9% to 

79.1% across secondary capacity, tertiary energy, and the imbalance resolution mecha-

nism, respectively. For Portugal, these values are lower, ranging from 59.3% to 62.3%. 

The vRES participation is higher in the DAM scenario due to the balancing needs are also 

higher as can be seen in MPI #12. Is worth mentioning that vRES become the main pro-

vider of balancing services in the strategic simulations since they allocated 20% of their 

forecasts to support balancing mechanisms. This strategic behaviour influences the annu-

al curtailment of market-based energy from vRES (MPI #17), Figure 31, i.e., the amount of 

energy curtailed due to market-based incentives and/or limitations (e.g., energy that can-

not be balanced or that leads to grid congestion). 

 

 
Figure 31. Annual curtailment of market-based energy from vRES. 

 

The annual level of curtailment is significantly reduced in the strategic simulations for 

both countries, with a maximum value of 1.2% observed in Portugal in the S0 DAM strate-

gic simulation. Through the active participation in balancing services, vRES avoid forced 

curtailments, reaching practically 0% in the PAM strategic simulation due to the improved 

forecast accuracy. This improvement can be quantified using the normalized root mean 

square error (NRMSE) of the power forecasts (MPI #25), Figure 32. A detailed discussion 

of the forecast methodology and results can be found in D4.9 Ed. 2 [30]. The NRMSE are 
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presented on a national aggregated scale for wind and solar PV technologies in Portugal 

and Spain. The normalization is computed based on the average of the observed power 

production values for each country.  

 

 

Figure 32. Normalized root mean square error (NRMSE) for wind and solar PV in Portugal and 

Spain.  

 

According to Figure 32, a decrease of over 7% in NRMSE was observed for wind pow-

er when PAM timeframes were used instead of DAM. The reduction was less pronounced 

for solar power but still exceeded, on average, 4 % in both countries. Thus, PAM design 

reduces the forecast errors when compared with the DAM design. Additionally, the results 

for Portugal showed lower performance compared to Spain. This can be partly attributed 

to the low wind and solar PV installed power capacity in Portugal, which reduces the po-

tential benefits of power smoothing, thereby limiting improvements in forecast accuracy 

[42], [43]. 

 

• Economic MPIs 

The economic MPIs aim to assess the economic efficiency of the different market designs 

proposed in the project. 

 MPI #26 and MPI #28 enables to determine the total system costs and the costs for soci-

ety, respectively (Figure 33). This MPI includes investment, O&M and fuel costs [44], that 

were extracted from the Backbone’s database [16].  

In the DAM simple strategy scenario more dispatchable power plants such as CCGT 

are used to provide balancing services, increasing the final costs. The costs of the PAM 

are lower than in the DAM simple strategy. In Spain due to the high dispatch costs asso-

ciated with high level of gas production (see MPI #27). The strategic behaviour of vRES 

increases DAM/PAM and balancing prices, contributing to a global trend in market-based 

cost recovery for power plants. For Spain, the strategic behaviour reduces the system 

costs in the DAM but increases the remuneration of vRES. Despite the previous analysis, 

externalities factors such as support schemes should also be computed to fully assess the 

benefits of the strategic behaviour of vRES on the overall system costs. 
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a) 

 
b) 

Figure 33. a) Systems total costs and b) costs for society in Portugal and Spain. 

 

MPI #27 provides the total costs for dispatch, including fuel, emissions, and load shift, 

Figure 34. 

In the strategic scenarios, more power plants with higher marginal costs are used be-

cause 20% of the vRES energy is out of spot markets, and in the DAM simple strategy 

they are used to balance vRES, having the PAM simple strategy the lowest operational 

costs. In 2030, Spain has a substantial installed capacity for gas, whereas Portugal's gas 

capacity remains relatively low. Since gas and hydro are the primary providers of balanc-

ing services, relying on these technologies results in high dispatch costs, especially when 

addressing significant balancing needs in the DAM simple strategy scenario (see MPI 

#12). To further understand the values achieved, MPI #29 presents the annual average 

day-ahead/period-ahead prices weighted by the traded energy (VWAMP), Figure 35. 
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Figure 34. Total costs for dispatch. 

 
Figure 35. Annual average day-ahead/period-ahead prices weighted by daily traded energy. 

 

In S0, the highest VWAMP occurs in the DAM strategic variation and the lowest in the 

PAM simple strategic variant. From Figure 35 is also quite visible that using strategic be-

haviour increases market prices in relation to the simple strategy simulations, as previous-

ly discussed. Furthermore, in all four variants, the Portuguese VWAMP is slightly lower 

than the Spanish, which is a novelty when compared to the current prices. The result is 

explained by the higher share of RES (MPI #1), the low capacity of gas power plants (see 

Figure 25) and the lower water values/prices (see Figure 26) in Portugal, when compared 

with Spain.  

MPI #32 provides the market-based cost recovery for wind and solar PV technologies 

in Portugal and Spain, Figure 36. 

Due to the cannibalization effect associated with high shares of solar PV, in Figure 36 

is possible to observe that, solar PV shows the lowest capacity to recover its investment 

costs in an electricity market environment, without strategic bidding from vRES. The stra-

tegic simulations increase vRES remuneration from the market due to the i) growth in the 

DAM/PAM prices and ii) the participation in balancing services. This allows vRES players 

to recover all (in the case of solar under the S0 DAM strategic simulation) or nearly all 

their investments. Nevertheless, these results are associated with a slight increase in 

overall system costs.  
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a) Wind 

 
b) Solar 

Figure 36. Market-based cost recovery of the: a) wind, and b) solar PV technologies for Portugal 
and Spain in S0 simulations.  

 

Figure 37 presents a detailed view of the levelized remuneration across different mar-

kets.  

 
a) Wind Portugal 

 
b) Solar PV Portugal 

 
c) Wind Spain 

 
d) Solar PV Spain 

 
Figure 37. Levelized remuneration in the different markets for wind and solar PV technologies. 
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Figure 37 illustrates that in the strategic simulations, the remuneration from providing 

ancillary services AS is consistently positive, highlighting the advantages of diversifying 

participation across various markets. In contrast, the simple strategy does not show the 

same benefits.  

MPI #33, the yearly price convergence, provides the price differential between bidding 

zones in each hour (trading period), i.e., the annual price difference during hours when 

there is market split between Portugal and Spain. Full price convergence is defined by a 

price differential between 0–1 EUR/MWh. Moderate price convergence is within the inter-

val 1–10 EUR/MWh. Above 10 EUR/MWh and it is defined as low price convergence 

(more details are provided in the Annexe A). Figure 38 illustrates the price convergence 

between Portugal and Spain, including the number of market splitting hours per year, for 

the simulations in the scenario S0.  

 

 

Figure 38. Price convergence between Portugal and Spain for S0 simulations. 

 

Observing Figure 38, there is a full price convergence in all variations of simulation of 

S0 simulations. It is also clear that the trend of the price convergence in these simulations 

is supported by the number of hours with market splitting occurred between Portugal and 

Spain. vRES are causing more market distortions in the DAM and originating more mar-

ket-splitting events due to "virtual" cross-border congestion. vRES bids to the PAM have 

lower forecast errors, reducing market distortions and market splitting events. Normally, 

market splitting originates price divergence as can be verified in the figure. 

MPI #36 refers to the costs of AS, which are calculated in two ways: net costs and real 

costs. Net costs include the transaction costs between the players participating in ancillary 

services and the system operators, covering only the costs directly associated with ancil-

lary services. The real costs also consider the balance responsible parties (BRPs) devia-

tions in the transaction costs, i.e., the spot markets costs and the difference (penalties) 

between these costs and the ancillary services costs paid by BRPs. Table 15 presents the 

costs of the ancillary service. 
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Table 15. Costs of the AS services in Iberia. 

Country 
Costs 

[€] 

Simulation 

S0 DAM Simple 
Strategy 

S0 PAM Simple 
Strategy 

S0 DAM 

Strategic 

S0 PAM 

Strategic 

Spain 
Net 

1.2E+09 1.3E+09 -1.7E+09 7.1E+08 

Portugal 2.2E+08 2.2E+08 -1.4E+08 1.1E+08 

Spain 
Real 

2.0E+09 2.0E+09 4.9E+08 2.0E+09 

Portugal 2.7E+08 2.7E+08 1.2E+08 2.4E+08 

 

Results from Table 15 show that net costs are always lower than real costs or even 

negative, indicating an excess of vRES during most of the year that needs to be curtailed 

or downregulated. As expected, with increasing spot prices (MPI #29) and balancing 

needs (MPI #32) the strategic scenarios also increase the costs of the AS. In strategic 

simulation, the PAM, compared with DAM, has higher costs in Portugal and Spain. This 

occurs due to slightly highest period-ahead and balancing prices in the PAM strategic 

simulation (MPI #29) combined with a low decrease in the balancing needs (MPI #12), 

leading to increased balancing costs.  

MPI #37 shows the average market penalties that BRPs must pay, Figure 39. 

 

 
Figure 39. Average market penalties. 

 

Analysing the Figure 39, the participation of vRES in balancing services enhances 

competition, leading to a reduction in the prices and in the average penalties paid by 

BRPs. Additionally, PAM has lower power forecast errors compared to DAM. The combi-

nation of these effects makes the PAM Strategic Scenario the one with the lowest penal-

ties. 

MPI #38 evaluates the average up and down imbalance prices. The relative differences 

between these prices and the day-ahead prices are presented in Table 16. From Table 16 

it is clear that the absolute deviation costs for down deviations are higher than those ob-

served for up deviations. With reduced penalties, the strategic scenarios have a lower 

difference between spot and imbalance prices. 
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Table 16. Imbalance costs in Iberia: upward and downward deviation. 

Country Deviation  

Simulation 

S0 DAM Simple 
Strategy 

S0 PAM Simple 
Strategy 

S0 DAM 

Strategic 

S0 PAM 

Strategic 

Spain Up 
Absolute 
(€/MWh) 

27.6 26.7 39.5 37.6 

Portugal 28.9 28.0 41.4 37.1 

Spain Up Relative 
to 

DAM/PAM 
price* (%) 

82.1% 81.4% 87.1% 93.4% 

Portugal 86.2% 85.2% 91.5% 92.3% 

Spain Down 
Absolute 
(€/MWh) 

39.6 39.0 51.2 42.9 

Portugal 38.1 37.7 49.1 43.4 

Spain Down Rela-
tive to 

DAM/PAM 
price* (%) 

117.9% 118.6% 112.9% 106.6% 

Portugal 113.8% 114.8% 108.5% 107.7% 

(*) The relative prices are calculated by dividing the imbalance prices by the DAM prices (set as 100%). 

 

• Environmental MPI 

MPI #45 addresses the power system emissions. This MPI is important to characterize the 

sustainability of the power sector studied and its position in the energy transition’s path-

way. It provides the annual CO2 emissions associated with fossil fuel-based electricity 

generation, allowing for the quantification of how different market designs contribute to 

reducing CO2 emissions. Figure 40 presents the CO2 emissions for Portugal and Spain 

across the various simulations per unit of consumed energy. 

 

 
Figure 40. CO2 emissions normalized by the consumed energy. 

In the strategic scenarios, the lowest share of RES results in a greater reliance on oth-

er dispatchable polluting technologies to meet consumption needs. Consequently, the 

CO2 emissions increase in these scenarios. In the PAM simple strategy scenario the 

emission reduces in Spain because of a reduction in the production of gas power plants. 

 

• Social MPIs 

The social MPIs aim to assess the social impact of the different market designs proposed 

in the project.  
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MPI #47 addresses the country’s social welfare according to the consumers and pro-

ducers’ social welfare and surplus per electricity consumed, Figure 41.  

 
a) 

 

b) 

 

c) 

 

d) 

Figure 41. a) Portuguese DAM and PAM social welfare, b) Spanish DAM and PAM social welfare, 

c) Portuguese IDM social welfare, and d) Spanish IDM social welfare for S0 simulations. 
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Figure 41a) presents the social welfare for Portugal DAM and PAM S0 simulations, 

Figure 41b) illustrates the social welfare for Spain DAM and PAM in S0 simulations, Fig-

ure 41c) shows the social welfare for Portugal IDM S0 simulations, and Figure 41d) intro-

duces the social welfare for Spain IDM S0 simulations. The sum of the social welfare of 

consumers and producers is equal to the country welfare. The DAM/PAM significant dif-

ference between the social welfare of demand and supply means that demand is practi-

cally paying the marginal costs of supply, reducing the remuneration of supply to cover 

their investment costs. The social welfare of demand is also very high because it is practi-

cally only inflexible demand with bids equal to the market price-cap (4000 €/MWh). In the 

IDM the social welfare is closer because it only considers small adjustments concerning 

DAM bids. In annex B the surplus for consumers and producers normalised and present-

ed in €/MWh for each country in both DAM/PAM and IDM are presented. 

 

3.3.3.2 S1 – S4 results’ analysis 

This subsection presents a comparison of the impact of varying scenario assumptions on 

selected relevant MPIs for the MIBEL case study. 

• Technical MPIs 

Figure 42 depicts the level of integration of RES in electricity consumption (MPI #1) for 

scenarios S1-S4. 

 

Figure 42. Integration of RES in electricity consumption for scenarios S1-S4 in MIBEL case 

study. 

 

In the 2050 scenarios for Portugal, all electricity generation to satisfy the consumption 

is based on RES. In Spain, however, nuclear generation is still used, resulting in a RES 

share of final consumption ranging from 92.8% (S1) to 97.2% (S2). The scenarios with 

more flexible demand-side players (S2 and S4) can increase the RES share since the 

demand partly adapts its behaviour to consume energy during cheaper periods associated 

with a high share of vRES production. 

Contrary to the S0 scenario,  peak load reduction (MPI #11, as shown in Figure 43) 

and usage of demand side response (MPI #10) were observed in the two scenarios with 

lower demand flexibility: S1 and S3. Nevertheless, no load shedding events were identi-

fied for S1-S4 in the MIBEL case study. As a result, MPIs #4, #5, #8, and #9 have no 

events. 
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Figure 43. Peak load reduction for scenarios S1-S4 in MIBEL case study. 

 

MPI #12 focuses on energy procurement and usage within AS and the results for the 

Iberian countries are presented in Figure 44. In addition to the energy procurement for AS, 

in this figure, the share that it represents in the total demand is also depicted, for a better 

comparison according to each country. 

 
a) 

 
b) 

Figure 44. Energy procurement in the ancillary services in the Portuguese and Spanish power 
systems: a) balanced energy, and b) share in the total demand. 

 

In Portugal, scenarios with low flexible demand (S1 and S3) have more balancing 

needs due to reduced flexibility available. The highest level of flexibility in Spain, in the 

scenarios with more flexible demand (S2 and S4), promote transactions closer to real-time 

operation, increasing the balancing needs. Furthermore, in proportion, Portugal has more 
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demand flexibility than Spain, enabling to decrease its balancing needs in scenarios with 

higher demand flexibility (S2 and S4). Opposite, Spain has a more diversified supply port-

folio, having lower balancing needs in scenarios with reduced demand flexibility (S1 and 

S3). MPI #13 extends the analysis with the capacity procurement. In the case of the RE-

STrade models, only the SecR has capacity procurement. Similar to the previous MPI, the 

share of this capacity relative to the total demand has also been calculated, as shown in 

Figure 45. 

Figure 45 reveals that a conservative approach to secondary capacity procurement 

leads to slightly higher costs in scenarios with more inflexible demand (S1 and S3). The 

variation in the share of total demand is more visible in Spain, ranging from 1.2% in S4 to 

2.0% in S1, whereas in Portugal, it fluctuates between 1.0% in S4 and 1.5% in S1. MPI 

#14 addresses capacity usage, with the results illustrated in Figure 46. 

 

 
Figure 45. Share of capacity procurement in ancillary services in the total demand. 

 

 
Figure 46. Capacity usage regarding its procurement for scenarios S1-S4. 

 

The efficiency of capacity usage drops significantly in high flexible demand scenarios in 

Portugal. This reflects the effective value of demand-side players in responding to vRES 

production, which mitigates very short-term uncertainties and reduces the need for activat-

ing SecR. In Spain, the impact of demand-side flexibility is less evident due to the more 

diversified supply portfolio and relatively lower investments in storage infrastructure (see 

Figure 25).  
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Regarding the participation of demand and vRES in AS (MPIs #15 and #16), the values 

are similar to S0 strategic simulations, establishing vRES as the primary providers of bal-

ancing energy across both countries. In Spain, the contribution of vRES to ancillary ser-

vices ranges from 72.6% (S3) to 80.6% (S1). For Portugal, these values are lower, with 

vRES contributing 52.4% in S4 and 72.9% in S2. Thus, as observed also in S0 scenarios 

vRES are the primary providers of balancing energy across both countries. With this par-

ticipation, vRES avoid forced curtailments (MPI #17), Figure 47. Indeed, practically any 

quantities except for Portugal in the S3 “variable” scenario with high vRES investment but 

low demand-side flexibility is observed. This result highlights the demand flexibility is not 

enough to accommodate all vRES generation. 

 
Figure 47. Annual curtailment of market-based energy from vRES. 

 

• Economic MPIs 

MPI #26 the total system costs, the total costs for dispatch (MPI #27), the costs for society 

(MPI #28) and the VWAMP (MPI #29) for scenarios S1-S4 are presented in Figure 48. 

  

 
a) 

 

 
b) 

 

                                       c)                                                                              d) 
 
Figure 48. a) Systems total costs, b) total cost for dispatch, c) costs for society and d) VWMP in 

Portugal and Spain for S1-S4 scenarios. 
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Figure 48a) shows that scenarios with greater demand-side flexibility (S2 and S4) also 

involve higher investments in vRES, resulting in higher overall costs compared to scenari-

os with lower investments in storage. However, an exception is seen in Portugal, where 

scenario S3 shows greater investment in vRES than scenario S2. Operational costs are 

significantly lower than in 2030 due to the phasing out of gas power plants, Figure 48b). 

The S4 scenario, with more flexible demand and vRES, has higher dispatch costs. The 

costs increase due to a high level of storage and energy conversion, associated with bat-

teries and electrolysers, instead of a direct consumption in real-time. In Portugal, society's 

costs (MPI #28) presented in Figure 48c) are significantly lower in the most flexible sce-

narios (S1 and S2) because of the increased demand of electrolyzers and batteries for 

similar total costs in all scenarios (MPI #26).  While demand flexibility in Portugal is bene-

ficial, in Spain, it shall be further analysed if the value of that demand (e.g., the H2 price) 

can provide a positive return considering the significant increase of its total costs in sce-

narios S2 and S4 (MPI #26). 

The highest VWAMP d) occurs in scenario S1 while the lowest occurs in scenario S4. 

As expected, scenarios S2 and S4 present the lower VWAMPs due to the high level of 

sector coupling and demand-side flexibility. Scenario S4 is the only one where Spain 

achieved a lower VWAMP than Portugal. This is due to the high investment in vRES. In 

turn, S1 and S3 consider moderate levels of sector coupling and demand-side flexibility 

leading to high VWAMPs. The results for scenarios S1 and S3 reflect the lower demand 

flexibility to respond to vRES production, which affect the wind and solar PV market-based 

cost recovery (MPI #32), Figure 49. 

 

 
a) Wind b) Solar PV 

Figure 49. Market-based cost recovery of the: a) wind, and b) solar PV technologies for Portugal 
and Spain in S1-S4 scenarios. 

The scenarios with more demand-side flexibility decrease the market-based recovery 

of vRES because they adapt to vRES behaviour, i.e., consume more where vRES pro-

duce more, decreasing market prices. Onshore wind can recover all or a significant level 

of its investment in the scenarios with low flexibility. Only the Portuguese solar PV can 

recover its costs because of extreme events in S3, where the balancing prices are at the 

maximum (4000 €/MWh) for upward regulation or in the minimum (0 €/MWh) for down-

ward regulation during daytime, highly increasing the remuneration of Solar PV. The inef-

ficiency of the balancing services to balance all required energy in S3 can be confirmed in 

the level of vRES curtailments (MPI #17) in Portugal. This problem may be solved if vRES 

allocates more power to balancing services than the 20% power of deterministic forecasts. 
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Figure 50 illustrates the price convergence between Portugal and Spain for the scenar-

ios S1-S4 (MPI #33), including the number of market splitting hours per simulation year. 

 

 

Figure 50. Price convergence between Portugal and Spain for S1-S4 simulations. 

 

Observing Figure 50, there is a full price convergence in all scenarios throughout the 

year. Again, it is also clear that the trend of the price convergence in these scenarios is 

supported by the number of hours in the simulation year that market splitting occurred 

between Portugal and Spain. However, it should be noted that although S1 has a price 

convergence slightly higher than S4, scenario S4 presents ten additional hours with mar-

ket splitting when compared to S1. Such reflects that, during market splitting hours, in 

scenario S1 there are less occurrences of full convergence hours (i.e., 6 in 13) than in S4 

(i.e., 12 in 23). Moreover, S1 has also low price convergence (only 7 hours), while S4 has 

only 5 hours of low price convergence being the remaining 6 hours of moderate price con-

vergence. The conservative S1 scenario is the most comparable with the S0 DAM scenar-

ios, having almost 20 times less market splitting events. Therefore, using dynamic line 

rating enables a significant reduction in the number of market splitting events. 

MPI #36, the costs of ancillary services for scenarios S1-S4, is presented in Table 17. 

 

Table 17. Costs of the ancillary system services in MIBEL for S1-S4. 

Country 
Costs 

[€] 

Simulation 

S1 S2 S3 S4 

Spain 
Net 

-4,2E+09 -2,9E+09 -1,5E+09 -1,58E+09 

Portugal 6,5E+08 -1,3E+07 -7,2E+08 -5,04E+07 

Spain 
Real 

2,1E+09 1,2E+09 6,0E+08 -5,35E+08 

Portugal 7,3E+08 7,3E+07 4,8E+08 -1,59E+07 

 

Net costs are always lower than real costs or even negative, which means that there is 

an excess of vRES during the majority of the year, being it curtailed or downregulated. 

One of the most interesting results is the lower prices of balancing services concerning 
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the DAM in the S4 scenario with more demand flexibility and vRES generation. This situa-

tion occurs because a significant quantity of energy is left for trading closer to real-time, 

reducing its value. A similar situation occurs nowadays in the IDM. Intraday markets tend 

to have lower prices than day-ahead markets because inflexible demand is already satis-

fied, and flexible demand only wants energy considering an opportunity price lower than 

DAM prices [45]. As in the S4 scenario, the demand flexibility is high, on average, it origi-

nates lower prices in the balancing services than in the DAM.  

 

• Social MPIs 

MPI #47, the social welfare for DAM and IDM S1-S4 simulations, is depicted Figure 51. 

The surplus results for consumers and producers normalised and presented in €/MWh for 

each country in both DAM/PAM and IDM are presented in annexe B. 

Analyzing Figure 51a) and b), which correspond to DAM results for each country, there 

is a significant difference between the social welfare values for consumers and producers. 

In both countries and across all scenarios consumers exhibit higher social welfare values. 

This indicates that demand (consumers) is covering the marginal costs of supply, which in 

turn reduces the remuneration available for producers to cover their investment costs. In 

both cases, the results are consistent with the previous comparison, showing that con-

sumers are covering the marginal costs of supply. The IDM surplus (annex B) for con-

sumers and producers in both countries, consumers maintain highest surplus values than 

the one observed for producers, but the difference is smaller compared to the DAM re-

sults. This reduction is due to the smaller volumes of energy traded in the IDM sessions. 

In both countries, scenarios with higher levels of flexibility (S2 and S4) show lower surplus 

values compared to S1 and S3. This occurs due to the adjustment of demand and supply 

by flexible players, leading to reduced surplus for both consumers and producers.  

3.3.4 Final remarks and outlook 

Portugal and Spain have both a high penetration of vRES in their power systems, above 

60% and 93% of the total 2030 and 2050 annual consumption thus constituting a very 

relevant case study for TradeRES project. In the S0 scenario, that simulates the year 

2030, Portugal had the demand served by more than 82% of RES and Spain by more 

than 60%. In the 2050 scenarios, Portugal satisfies its demand with a share of 100% RES 

and Spain with a share that varies between 93% and 97%, being higher in the scenarios 

with more flexible demand (S2 and S4). According to market results, both countries have 

means to improve the allocation of secondary capacity, due to the obtained reduced utili-

zation of the reserves committed. A more dynamic procurement of secondary capacity 

has been tested, contributing for reducing vRES integration costs and the maintenance of 

power systems stability and robustness, at lower costs. 
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a) 

 
b) 

 
c) 

 
d) 

Figure 51. a) Portuguese DAM welfare, b) Spanish DAM social welfare, c) Portuguese IDM social 

welfare, and d) Spanish IDM social welfare for S1-S4 simulations. 
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The participation of vRES in balancing markets leads to a reduction in their imbalanc-

es, which can be verified by comparing the forecast errors between the Simple and Stra-

tegic S0 scenarios. In all Strategic scenarios, vRES are the main supporters of balancing 

services. The PAM also reduces balancing needs, penalties and vRES curtailments. For 

vRES players, the strategic bidding simulations revealed a potential benefit of enhancing 

market-based remuneration through diversified revenue streams. However, a slight in-

crease in overall system costs was also observed. In relation to market-based cost recov-

ery, results showed that several vRES do not recover their production costs without sup-

port schemes, in the scenarios with more demand flexibility. The scenarios with low de-

mand flexibility have higher costs and balancing needs, increasing the remuneration of 

vRES as the main providers of balancing services. 

The results presented in the Iberian case study are based on two different strategies 

for pricing definition, as mentioned throughout the explanation of the results. To create the 

pricing strategies, it was necessary to use, and in some cases assume, a marginal cost 

value for each technology. For instance, for technologies considered vRES (i.e., wind and 

solar PV), a reference price of 0 €/MWh was used. The assumption that market players 

bid at 0 €/MWh has a critical impact on the results and requires further investigation. In 

practice, vRES market players without support schemes, will not bid with a value of 0 

€/MWh (unless necessary) but rather with a value that ensures financial returns. In future 

markets with high penetration of vRES (as can be seen in the results regarding 2050 sce-

narios where RES reached a 93% share), these participants may raise their bid prices to 

ensure profitability. This could lead to more expensive technologies entering the market if 

they submit lower bids, potentially reducing the share of vRES in the energy mix. Even if 

vRES aims to optimize for revenue, their higher bid prices could open the door for other 

technologies to compete, which might reduce their intended impact. This highlights the 

complexity of integrating high vRES shares while ensuring market efficiency. More de-

tailed modelling and analysis of bidding behaviours in these future scenarios are still 

needed. 

On the other hand, in this case study, the main difference between the two pricing 

strategies (simple or strategic) is the allocation of 20% of the forecast vRES production for 

participation in reserves (first in the secondary power, and the non-allocated in the tertiary 

energy). Considering the strategic price definition, allocating 20% of the forecasted pro-

duction of vRES for participation in reserves means that less of this production is directly 

available for the DAM. This leads to a reduced vRES availability, potentially lowering their 

market share into DAM negotiations, as showed in the outcomes of this case study. With 

less vRES bidding in the DAM, other more expensive and pollutant generation sources 

(like natural gas) might be needed to meet demand, which could increase the DAM prices. 

Nonetheless, allocating a portion of vRES production, like wind and solar, to reserves 

could improve grid stability and flexibility and help manage fluctuations associated with 

vRES generation and/or load consumption. 
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4. Summary of market performance indicators 

This section summarizes the main outcomes obtained for the three national/regional case 

studies: B-Netherlands, C-Germany and D-MIBEL for the TradeRES scenarios and mar-

ket design bundles presented in section 3 of this deliverable. The market performance 

indicators adopted within project TradeRES and relevant for the national and regional 

markets were calculated. The objective of the MPIs’ definition within project TradeRES is 

to enable the quantification of market performance of the different designs and products, 

developed within work packages 3 and 4, and simulated in work package 5. 

Some selected MPIs are presented in Table 18 to enable an overall characterization of 

the performance of the national electricity markets studied in this Task, and quantify the 

results obtained within the project. Additional MPIs can be found in the main list presented 

in section 2 (Table 2). 

 

Table 18. MPIs relevant for characterizing the performance of national markets. 

MPI number MPI name 

1 Share of RES-E 

4 Loss of load expectation 

5 Expected energy not served 

26 Total costs of the system 

27 System costs for dispatch 

29 Average day-ahead market price 

32 Market-based cost recovery 

45 CO2 emissions 

 

MPI #1 calculates the RES share in each country's demand, which is a relevant form to 

identify each country's stage in relation to the European goal of power systems with 

~100% of RES.  

MPIs #4 and #5 are important to identify the suitability of the power systems' installed 

capacity to comply with the expected demand. Results presented in the previous section 

show that, for the starting point scenario simulated, neither Germany, Portugal, nor Spain 

present risks of having LOLE or EENS above the acceptable limits. 

MPI #27 enables to characterize the dispatch costs of power systems6. MPI #29 enable 

to assess the costs of electricity from the society’s perspective. MPI #32 translates the 

cost recovery of different technologies from energy-only markets and thus discloses the 

need for RES support schemes. 

 

 
6 aka “integration costs of vRES”. 
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MPI #45 refers to the CO2 emissions and partially reflects the RES penetration on each 

power system. Within this section, MPIs #1 have been normalized by the consumption (or 

production as applicable) of each national power system. 

 

•  Dutch Market 

In this section, a summary and a comparison between the benchmark results obtained 

from COMPETES-TNO and the results from AMIRIS-EMLabpy for their Energy Only Mar-

ket simulations (EOM), given that COMPETES-TNO can only model an energy-only mar-

ket, are provided. The objective of this comparison is to shed some light on how it com-

pares 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. The 

reason behind contrasting these two cases is to reduce the comparison 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 electrolyz-

ers 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 compari-

son, some MPIs were selected to contrast both scenario results, which are reported in 

Table 19. 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 COM-

PETES-TNO results, where only one weather year is optimized. 

Overall, both scenarios present similar penetration of vRES in the power system, fol-

lowing 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 AMIRIS scenario 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 the ABM used; the investments are done until the level that the expected profitability 

of an additional capacity stops being profitable. For this reason, higher shortages were 

expected in comparison to an optimization model and confirm that it is a suitable method-

ology 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. 

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 OCGT turbines, which were not considered as an option in the opti-

mization model. A potential explanation for installed capacities could be differed by the 

different flexible capabilities between the models. COMPETES-TNO can model a higher 
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degree of flexibility of the system, with its associated electricity demand, which can lead to 

a higher introduction of capacities.  

The market-based cost recovery from the two models does not differ significantly and 

indicates a relatively good cost recovery for the investments (as the values are greater 

than 1). It is, however, calculated on the system level. A detailed calculation of the individ-

ual technologies is possible but falls out of the scope of this comparison. The incentives 

for the 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 to show different 

things. COMPETES-TNO shows the volatility of prices in one year, while AMIRIS-

EMLabpy shows the volatility of average prices across all the analysed years.  

It is important to notice that comparison corresponds to the outcomes of two very dif-

ferent models, with different scopes, objectives and capabilities, as summarized previous-

ly in Table 20. Therefore, it is always a complex task to draw conclusions from results with 

different models. In this particular case, the comparison of the performance of the models 

is understood as an acknowledgment of the different capabilities of the models, as well as 

a form to classify them for future market studies, their limitations in each application and 

possible future needs of improvement. 

Table 19. Summary of the results for case study B: Dutch case study. 

MPI number: name Unit 
COMPETES-TNO AMIRIS-EMLabpy 

S4- Isolated NL EOM_LH 

1: Share of RES-E - 93% 96% 

4: Loss of load expectation h 0 4.23 

5: Expected energy not served GWh 0 6.4 

26: Total costs of the system Bn € 15.9 10.5 

29: Annual volume weighted 
average of hourly market-price 

€/MWh 52.4 38.5 

32: Market-based cost recovery - 1.14 1.21 

41: Volatility of electricity prices - 43.1 4.47 

 

Table 20. Installed capacities (in GW) for case study B: Dutch case study. 

 AMIRIS-EMLabpy COMPETES-TNO 

BESS 4.8 26 

Solar PV large 79.8 108 

Wind Offshore 34.5 57 

Wind Onshore 12 12 

Hydrogen CCGT 1.2 8 

Hydrogen OCGT 18.4 0 

Biogas 0 2 

Biomass - 4 

Nuclear - 0.5 

Total 150.7 213 
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• German Market 

In the case study for Germany, the remuneration of renewable electricity generation in 

electricity-only markets has been at the focus. A total of five different support instruments 

plus a situation without any support have been simulated. An in-depth comparison of MPIs 

for different support instruments has been done for scenario S1. This scenario is charac-

terized by a comparatively low RES share and a low level of flexibility, but indicates an 

average scenario in terms of the market-based cost recovery which is one of the most 

important MPIs for the German case study. Also, a cross-scenario comparison of selected 

MPIs has been done.  

Table 21 presents the main MPI results of the German case study. The ranges of re-

sults across different support instruments are shown for each of the five scenarios consid-

ered. Note that MPI #1 represents the vRES shares as the RES share is at ~100% for all 

cases. 

The results show that the effect of the scenario assumptions, inter alia the degree of 

flexibility in the system, has a much higher impact on results, when compared to the sup-

port instrument in place. Some scenarios, esp. S0 and S3 showed no sufficient market-

based cost recovery (MPI #32) for RES. This especially holds for PV and here in turn for 

rooftop solar plants and can be explained by their high simultaneity (of production) and a 

pronounced cannibalisation effect induced by this. They end up at a cost recovery rate of 

roughly 75% (average across all PV technologies) for S1. Note that self-consumption was 

not considered which might be an option especially for rooftop solar plants to operate 

them in an economically viable manner. 

 

Table 21. Summary of the results for case study C: German market. 

MPI  Units 
MPI value 

S0 S1 S2 S3 S4 

1 % 73 73 94 92 99 

4 h 0 0 0 0 0 

5 MWh 0 0 0 0 0  

27 € bn/a 16.7 to 16.8 19.5 to 19.8 8.5 to 8.8 8.2 to 8.6 3.3 to 3.9 

29 €/MWh 57.6 to 59.0 65.4 to 69.2 73.9 to 79.1 44.3 to 48.1 46.5 to 51.4 

31 €/MWh 

37 to 43 (PV), 17 
to 21 (onshore 
wind), 19 to 21 
(offshore wind) 

14 to 23 (PV), -4 
to 7 (onshore 
wind), 4 to 12 

(offshore wind) 

2 to 18 (PV), -23 
to 6 (onshore 
wind), -15 to 8 
(offshore wind) 

23 to 33 (PV), 7 to 
20 (onshore wind), 
19 to 29 (offshore 

wind) 

13 to 24 (PV), -6 
to 14 (onshore 
wind), 0 to 18 

(offshore wind) 

32 % 

37 to 40 (PV), 72 
to 74 (onshore 
wind), 73 to 75 
(offshore wind) 

74 to 78 (PV), 100 
to 112 (onshore 
wind), 89 to 96 
(offshore wind) 

89 to 98 (PV), 141 
to 151 (onshore 

wind), 122 to 128 
(offshore wind) 

47 to 50 (PV), 74 
to 87 (onshore 
wind), 65 to 73 
(offshore wind) 

65 to 71 (PV), 104 
to 118 (onshore 
wind), 95 to 106 
(offshore wind) 

45 t/a 56 0 0 0 0 

  

Concerning the support instruments, all of them can achieve to recover the full costs of 

renewables in case they are nearly “ideally” parameterized as it is assumed. Some sup-

port instruments either do not foresee a clawback, such as a fixed market premium or a 

capacity premium, or the payback obligation is bound to the actual infeed which may de-
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viate from the anticipated one, for the two-way CfD with a monthly reference period. Thus, 

total cost recovery rates may exceed 100%. The mechanisms without payback obligations 

also lead to higher RES support costs (MPI #31). 

In the case of the two-way CfD without any limits to the clawback obligation, significant-

ly higher market-based curtailments of renewables (MPI #17) are observed. This results in 

higher volume-weighted average electricity prices (MPI #29), which in turn tends to stabi-

lize the market value of renewables. Ultimately, higher system costs for dispatch (MPI 

#27) must be balanced with lower RES support costs (MPI #31) in the case of the two-

way CfD. 

 

• Iberian Market 

The Iberian case study focused on testing new market designs and rules to make short-

term markets more efficient in order to better integrate short-term vRES fluctuations. The 

current set market designs do not allow vRES to participate without causing market distor-

tions, as they cannot regulate their generation as easily as conventional dispatchable 

technologies.  

Day-ahead markets close at least 12 hours ahead of the first commitment hour, result-

ing in significant forecast errors, being the continuous intraday market the best solution to 

fix those errors by 1-hour ahead of real-time operation. However, it operates continuously, 

which means that to obtain better forecast accuracy, vRES shall trade closer to its gate 

closure, when most of the trades already occurred. Against this background, the (6-hour) 

period-ahead market (PAM) has been introduced. This market design benefits from im-

proved power forecasts, with accuracy increasing by over 7% for wind power and 4% for 

solar PV at the national aggregate level in both Portugal and Spain. These improvements 

help reduce market distortions, as highlighted in the results. The PAM also increases the 

share of vRES by reducing their forced voluntary energy curtailments, decreasing balanc-

ing needs and penalties. 

In the intraday market, has been coupled the best features to vRES of the European in-

traday marginal and continuous markets (SIDC). The simulated intraday market considers 

the pay-as-bid scheme of the SIDC being only cleared on its gate-closure like marginal 

markets, introducing the rule of giving priority to vRES in the first in, first out mechanism of 

the SIDC. This change allows for increasing its liquidity and vRES trades, reducing bal-

ancing needs and penalties. 

Regarding balancing markets, it has been considered the separate procurement of up-

ward and downward regulation and the participation of vRES, significantly reducing vRES 

forced curtailments and increasing competition and vRES remuneration. 

Table 22 and Table 23 present a summary of the market indicators calculated within 

the MIBEL case study for Portugal and Spain, respectively, using the strategic simulations 

in scenarios S0-S4. The observed yearly RES share is high in all scenarios being above 

80% in all cases for Portugal. 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-

neutral, which means the CO2 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 it is to be expected. 
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Concerning MPI #27, the dispatch costs obtained within MIBEL significantly decreased 

from 2030 to 2050 with a strong influence from the retirement of gas power plants. Re-

garding day-ahead prices (MPI #29) and investment recovery (MPI #32), inflexible-

demand scenarios tend to have higher prices and recover the investment in wind onshore 

and solar PV. Demand flexibility makes demand-side players adjust to vRES production, 

decreasing market prices and the vRES return. This means that in the demand-flexible 

scenarios vRES need support schemes. 

 

Table 22. Summary of the results for case study D: Portugal. 

MPI 

 

Units 

MPI value 

S0 S1 S2 S3 S4 

DAM PAM DAM DAM DAM DAM 

1 % 82.4 85.9 100 100 100 100 

4 h 0 0 0 0 0 0 

5 h 0 0 0 0 0 0 

27 108 € 5.48 4.88 2.12 1.29 1.66 1.70 

29 €/MWh 44.86 39.29 84.79 37.83 74.27 24.19 

32 % 

112.0 (solar 
PV), 

90.4 (on-
shore wind) 

82.9 (solar 
PV), 

78.5 (on-
shore wind) 

79.4 (solar 
PV), 

124.4 (on-
shore wind) 

45.1 (solar 
PV), 

88.1 (onshore 
wind) 

426.2 (solar 
PV), 

74.3 (onshore 
wind) 

49.1 (solar 
PV) 58.4 
(onshore 

wind) 

45 t/a 3.57E+06 3.13E+06 0 0 0 0 

  

Table 23. Summary of the results for case study D: Spain. 

MPI 
num-
ber 

 

Units 

MPI value 

S0 S1 S2 S3 S4 

DAM PAM DAM DAM DAM DAM 

1 % 60.4 65.5 92.8 97.2 95.3 96.8 

4 h 0 0 0 0 0 0 

5 h 0 0 0 0 0 0 

27 108€ 41.28 35.98 8.33 8.55 7.89 9.70 

29 €/MWh 45.37 40.04 85.52 39.39 81.79 23.40 

32 % 

103.0 (solar 
PV), 

89.9 (on-
shore wind) 

74.8 (solar 
PV), 

76.9 (on-
shore wind) 

95.3 (solar 
PV), 

110.5 (on-
shore wind) 

40.2 (solar 
PV), 

57.4 (on-
shore wind) 

61.6 (solar 
PV), 

129.2 (on-
shore wind) 

41.67 (solar 
PV), 

39.67 (on-
shore wind) 

45 t/a 1.89E+07 1.71E+07 0 0 0 0 
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5. Final remarks  

This report presents the second edition of deliverable 5.3, which provides a final assess-

ment of the designs and products developed in TradeRES project for national/regional 

electricity markets. Three markets are analysed in this report through computational stud-

ies: the Netherlands market, in case study B; the German market in case study C; and the 

Iberian (Portugal and Spain) market MIBEL in case study D.  

From the Dutch case study some conclusions may be drawn. Based on this market’s 

simulation of a steady-state scenario for a fully decarbonized energy system in which de-

mand, fuel prices, and CO2 prices were stable, investment cost recovery was uncertain 

due to the large impact of inter-annual weather variability.  

The impact of weather uncertainty was compared with the uncertainty from stochastic 

demand growth and observed that, even in a very flexible system, shortages were higher 

in scenarios with weather variability. In the simulations performed, the inter-annual varia-

bility of cost recovery increased more than three-fold, and the annual variability of 

weighted-average electricity prices more than ten-fold, in comparison with a scenario 

without weather uncertainty. 

An interesting finding of the Dutch case study was the impact of the weather 

year that investors use for deciding upon new generation capacity. It was demon-

strated that if investors based their investments on a weather year with very low vRES, 

thereby ensuring the reliability of the system for the worst weather years, they would be 

unable to recover their investments. On the other hand, if they would base their invest-

ment decisions on a more optimistic vRES yield, they would invest less and receive ex-

cessive returns, but this would come at the cost of lower system reliability and higher elec-

tricity prices. Results enable to conclude that in a system with variable supply, inves-

tors have insufficient incentive to ensure reliability, and therefore a capacity remu-

neration mechanism will be needed to ensure enough backup capacities. 

In view of those results. the performances of a capacity market, a strategic reserve, 

and capacity subscription were studied in a climate-neutral, high vRES version of the 

Dutch electricity system. The first two options have been implemented in other countries; 

capacity subscription is an instrument that promises to involve consumers (both house-

hold and industrial ones) better, but this instrument has not been tried in practice. All three 

of the reviewed capacity remuneration mechanisms can reduce the cost to society in a 

low-carbon power system with a high reliance on vRES, e.g., solar and wind energy. Ca-

pacity markets and capacity subscription schemes offer a choice of whether to remuner-

ate all or only dispatchable generation technologies. The latter appears to be the better 

choice, because imperfectly estimated derating factors of vRES and batteries can distort 

the market, and remunerating for capacity could reduce the exposure of these technolo-

gies to market signals, depending on the design of Capacity Remuneration Mechanisms 

(CRM). Total costs to consumers remained at similar levels as in an EOM (Energy Only 

Market), while reducing shortfalls in volume and duration, thus reducing the total system 

costs. 

From the results, it was observed that using strategic reserves incentivized more 

investments in hydrogen turbines than the other CRMs in our model. It also caused 
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volatile and high day-ahead/short-term electricity prices, mainly due to the dispatch 

of the reserve at the price cap. Its benefits appear to be limited to cases in which un-

profitable plants need to be kept available for a period, e.g., gas plants that would need to 

remain available until replacements would have been built. Both a capacity market and 

capacity subscription are able to provide security of supply and stable electricity 

bills to consumers. In a capacity market, a central entity determines the capacity de-

mand curve and other parameters. With capacity subscription, consumers purchase year-

ly subscriptions that ensure that their electricity supply will not be limited below the sub-

scribed level during periods of scarcity. In the model of capacity subscription used for the 

Dutch case study, consumers base their willingness to pay on experienced shortages, and 

generators base their investments on the capacity subscription price. Because the con-

tract duration was one year and the assumed limited "memory" of consumers and genera-

tors, periodic scarcity events occurred and caused investment cycles. Larger investment 

cycles were observed when consumers and generators do not have any "memory" re-

garding past shortages, ignoring the risk of extreme weather events. Capacity subscription 

could limit investment cycles by offering long-term contracts for capacity. During the en-

ergy transition, an intermediary agent (regulated entity on behalf of the govern-

ment) could contract capacity long-term from generators and sell it in annual con-

tracts to consumers. The advantage over a capacity market remains the incentive for 

consumers to develop flexible solutions behind the meter and the fact that the net demand 

for dispatchable capacity is revealed. 

In the German case study, RES remuneration has been analysed for the TradeRES 

scenarios S0-S4 as well as for different support instruments. Most notably, the effect of 

different scenario assumptions towards the market-based cost recovery of renewa-

bles and other MPIs has been found to be much stronger than the differences re-

sulting from various support instruments. Thus, it is seen as a challenge to plan ro-

bust policy designs that can adapt to different future developments, including nega-

tive developments in terms of market values and cost recovery rates. Also, it has been 

found that compared to wind, it is more challenging for PV, especially rooftop 

plants, to recover their costs on the electricity market. Nonetheless, options not con-

sidered in the analyses such as self-consumption could be employed here.  

Regarding the support instruments, the Financial CfD is found to exactly recover the 

costs, given the plants profile exactly matches the reference generation. In the case of 

two-way CfDs with a monthly reference period and no limits imposed on the clawback, 

distortions during clawback periods can be observed, resulting in significantly higher mar-

ket-based curtailment of renewables as well as higher electricity prices. One-way Con-

tracts for Difference were found to perform worst in terms of support costs due to the 

missing clawback obligation in months when market values exceed the production costs. 

For production-dependent Contracts for Difference, i.e. one-way and two-way Contracts 

for Difference, an over-support was found. This can be explained by two factors: monthly 

variations in income and an anticipation of clawback as well as a mismatch between ex-

ante anticipated market values and realized ex-post market-values after curtailment. In 

terms of the total costs that need to be borne by end-users, the production-independent 

financial Contracts for Difference is found to perform best. Nonetheless, it should be men-

tioned that a nearly “ideal” parameterisation of the support instruments was assumed in 
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this analysis. However, the support instruments differ regarding associated ex-ante prog-

noses risks, which shall be addressed in future research. 

The Iberian case study focused on changes to actual designs and rules that can 

better integrate vRES without considering support schemes and taking into account 

TradeRES scenarios S0-S4. This was studied in MIBEL case study by i) exploring market 

designs that enable closer-to-real-time trading, and/or ii) using bidding strategies that al-

low a diversification of the revenue streams. 

The annual RES share is high across all scenarios analysed, consistently above 80% 

in Portugal. In Spain, it ranges from 60% to 97%. By 2050, all electricity generation in Por-

tugal and Spain will be either renewable or carbon-neutral, resulting in zero CO2 emis-

sions. Under the optimized scenarios of TradeRES, both Iberian countries in the MIBEL 

market show no risk of loss of load expectation or expected energy not served. Dispatch 

costs significantly decreased from 2030 to 2050, driven by the phase-out of gas power 

plants. Inflexible-demand scenarios show the highest day-ahead market prices and ca-

pacity to enable the market-based recovery for wind onshore and solar PV. On the other 

hand, demand flexibility allows demand-side players to adjust to vRES production, lower-

ing market prices and reducing vRES returns, indicating that vRES would need support 

schemes in scenarios with high demand-flexible. 

Findings from this case study show that vRES cause significant market distor-

tions in the DAM since their day-ahead forecasts have significant errors. Therefore, 

the market prices that reflect real wholesale electricity prices consider the sum of DAM 

prices and high balancing penalties. The (6 hours) period-ahead market (PAM) offers a 

solution by reducing these distortions, minimizing real-time balancing needs, and low-

ering penalties for vRES players. 

The intraday continuous market (SIDC) should change its design, as tested in 

this case study. vRES are the players more interested in using SIDC to adjust their DAM 

programming dispatches. However, their forecast accuracy improves significantly when 

updates are made closer to the SIDC gate closure. Since the current "first in, first out" 

mechanism can penalize late bids expected from vRES players, the results suggest 

shifting SIDC to a clearing process at the gate closure, by the end of each session, 

giving priority to vRES and using the SIDC pay-as-bid scheme. 

In balancing markets was found that is important to separate the procurement of 

upward and downward regulation. This separation would enhance competition and 

better reflect the dynamic value of these services. As vRES increasingly replace dis-

patchable technologies, adapting balancing mechanisms to the inherent variability of 

these technologies is crucial to maintaining system resilience. This adaptation also ena-

bles vRES to diversify their revenue streams through strategic bidding in the different 

markets. Developing dynamic approaches to procuring secondary reserve can contribute 

to optimize efficiency and ensure that resources are allocated effectively in real time. The 

imbalance settlement mechanisms shall consider the real-time balancing price of the en-

ergy used to balance BRPs. This approach incentivizes BRPs to self-balance in the case 

of high balancing prices in their imbalance direction. Furthermore, it also incentivizes 

BRPs to increase their imbalance if that benefits the power system (a negative penalty). 

In conclusion, new market designs should avoid mechanisms that lead market distor-

tions, ensure non-discriminatory practices, and be based on marginal prices. They must 
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also be adapted to accommodate the variability and reduced predictability of vRES, which 

will be the primary energy sources in future carbon-neutral power systems. While further 

work is still needed, e.g., in developing more dynamic and market-dependent strategic 

bidding for vRES players, the market designs explored in the Iberian market present-

ed examples of how flexible and adaptive models, such as PAM with shorter gate 

closure times and refined intraday and balancing mechanisms, can help unlock the 

full potential of vRES while enhancing the efficiency within market environments in 

nearly 100% renewable power systems. 

 

  

 

 



    

Page 101 of 121 

References  

 [1] A. Estanqueiro et al., ‘D5.3 - Performance assessment of current and new market designs 
and trading mechanisms for national and regional markets (Ed. 1)’, TradeRES project deliv-
erable. p. 85, 2022 [Online]. Available: https://traderes.eu/wp-
content/uploads/2022/12/D5.3_TradeRES_PerformanceAssessmentMarkets.pdf. [Ac-
cessed: 28-Oct-2024] 

[2] L. de Vries et al., ‘D4.5: New market designs in electricity market simulation models (Ed. 2)’, 
TradeRES project deliverable. p. 53, 2022 [Online]. Available: https://traderes.eu/wp-
content/uploads/2023/01/D4.5_TradeRES_NewMarketDesigns_Ed2-1.pdf 

[3] L. de Vries et al., ‘D3.5 - Market design for a reliable ~ 100 % renewable electricity system 
(Ed. 2)’, TradeRES project deliverable. p. 81, 2023.  

[4] C. Schimeczek et al., ‘D4.6 (D4.3.1) - Market model communication interfaces’, TradeRES 
project deliverable (confidential). p. 53, 2020.  

[5] A. Couto et al., ‘D5.1: Performance indicators: quantification of market performance’, 
TradeRES project deliverable (confidential). p. 50, 2021.  

[6] D. Pramangioulis, K. Atsonios, N. Nikolopoulos, D. Rakopoulos, P. Grammelis, and E. Ka-
karas, ‘A Methodology for Determination and Definition of Key Performance Indicators for 
Smart Grids Development in Island Energy Systems’, Energies, vol. 12, no. 242, p. 22, Jan. 
2019, doi: 10.3390/en12020242.  

[7] I. Harang, F. Heymann, and L. P. Stoop, ‘Incorporating climate change effects into the Eu-
ropean power system adequacy assessment using a post-processing method’, Sustain. En-
ergy, Grids Networks, vol. 24, p. 100403, Dec. 2020, doi: 10.1016/j.segan.2020.100403.  

[8] E. J. L. Chappin, L. J. de Vries, J. C. Richstein, P. Bhagwat, K. Iychettira, and S. Khan, 
‘Simulating climate and energy policy with agent-based modelling: The Energy Modelling 
Laboratory (EMLab)’, Environ. Model. Softw., vol. 96, pp. 421–431, 2017, doi: 
10.1016/j.envsoft.2017.07.009. [Online]. Available: 
https://linkinghub.elsevier.com/retrieve/pii/S1364815216310301 

[9] G. Santos et al., ‘D6.2 – User guide for TradeRES models and tools (D6.2.1)’, TradeRES 
project deliverable. p. 53, 2022 [Online]. Available: https://traderes.eu/wp-
content/uploads/2022/04/D6.2_TradeRES_User-guide-for-TradeRES-models-and-tools.pdf 

[10] E. Rinne et al., ‘D4.8: Open-access tool of linked electricity market models’, TradeRES pro-
ject deliverable. p. 18, 2021.  

[11] I. S. Jimenez, D. Ribó-Pérez, M. Cvetkovic, J. Kochems, C. Schimeczek, and L. J. de Vries, 
‘Can an energy only market enable resource adequacy in a decarbonized power system? A 
co-simulation with two agent-based-models’, Appl. Energy, vol. 360, p. 122695, 2024, doi: 
10.1016/j.apenergy.2024.122695.  

[12] G. L. Doorman, ‘Capacity subscription: solving the peak demand challenge in electricity 
markets’, IEEE Trans. Power Syst., vol. 20, no. 1, pp. 239–245, 2005, doi: 
10.1109/TPWRS.2004.841230.  

[13] L. de Vries and G. Doorman, ‘Valuing consumer flexibility in electricity market design’, in 
Variable Generation, Flexible Demand, Elsevier, 2021, pp. 287–308.  

[14] ENTSOE-E, ‘TYNDP 2022 - Scenario Building Guidelines’, https://2022.entsos-tyndp-
scenarios.eu/building-guidelines/, May-2023. .  

[15] L. Eblé and M. Weeda, ‘Evaluation of the levelised cost of hydrogen based on proposed 
electrolyser projects in the Netherlands Renewable Hydrogen Cost Element Evaluation Tool 
(RHyCEET)’, TNO report R10766, made for the Netherlands Ministry of Economic Affairs 
and Climate Policy. pp. 1–33, 2024 [Online]. Available: 
https://www.tweedekamer.nl/downloads/document?id=2024D22079. [Accessed: 07-Jan-
2024] 

[16] N. Helistö, J. Kiviluoma, L. Simila, K. Nienhaus, and R. Hernandez-Serna, ‘D2.1 - A data-
base of TradeRES scenarios & Scenario Data’, TradeRES project deliverable. p. 8, 2020 
[Online]. Available: https://traderes.eu/wp-
content/uploads/2021/04/D2.1_TradeRES_DatabaseScenario_H2020-1.pdf 

[17] ACER, ‘Methodology for calculating the value of lost load, the cost of new entry and the 
reliability standard’, ACER Decision on the Methodology for calculating the value of lost 
load, the cost of new entry, and the reliability standard: Annex I. p. 34, 2020 [Online]. Avail-
able: https://acer.europa.eu/sites/default/files/documents/Decisions_annex/ACER Decision 



    

Page 102 of 121 

23-2020 on VOLL CONE RS - Annex I.pdf 
[18] Umweltbundesamt, ‘Renewable energies in figures’, 

https://www.umweltbundesamt.de/en/topics/climate-energy/renewable-energies/renewable-
energies-in-figures, 16-Aug-2024. .  

[19] PKNS, ‘Bericht über die Arbeit der Plattform Klimaneutrales Stromsystem (PKNS)’, Tec. 
report. pp. 1–145, May-2024 [Online]. Available: 
https://www.bmwk.de/Redaktion/DE/Downloads/P-R/integrierter-gesamtbericht-ueber-die-
arbeit-der-pkns.pdf?__blob=publicationFile&v=4. [Accessed: 07-Oct-2024] 

[20] European Commission, Regulation (EU) 2019/943 of the European Parliament and of the 
Council of 5 June 2019 on the internal market for electricity, Article 19d). https://eur-
lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A02019R0943-20240716, 2024.  

[21] I. Schlecht, C. Maurer, and L. Hirth, ‘Financial contracts for differences: The problems with 
conventional CfDs in electricity markets and how forward contracts can help solve them’, 
Energy Policy, vol. 186, p. 113981, Mar. 2024, doi: 10.1016/j.enpol.2024.113981.  

[22] BMWK, ‘Strommarktdesign der Zukunft. Optionen für ein sicheres, bezahlbares und na-
chhaltiges Stromsystem’, https://eepublicdownloads.entsoe.eu/clean-
documents/pre2015/publications/entsoe/Operation_Handbook/Policy_1_final.pdf. pp. 1–
118, Jul-2024 [Online]. Available: 
https://www.bmwk.de/Redaktion/DE/Publikationen/Energie/20240801-strommarktdesign-
der-zukunft.pdf?__blob=publicationFile&v=10. [Accessed: 07-Oct-2024] 

[23] European Commission, ‘Guidelines on State aid for climate, environmental protection and 
energy 2022 (2022/C 80/01)’, Communication from the European Commission, No. 12. 
2022 [Online]. Available: https://eur-lex.europa.eu/legal-
content/EN/TXT/HTML/?uri=CELEX:52022XC0218(03). [Accessed: 07-Oct-2024] 

[24] T. Naegler, C. Sutardhio, A. Weidlich, and T. Pregger, ‘Exploring long-term strategies for 
the german energy transition - A review of multi-Sector energy scenarios’, Renew. Sustain. 
Energy Transit., vol. 1, p. 100010, 2021, doi: 10.1016/j.rset.2021.100010.  

[25] Prognos, Öko-Institut, and Wuppertal Institut, ‘Towards a Climate-Neutral Germany by 
2045. How Germany canreach its climate targets before 2050’, Executive Summary con-
ducted for Stiftung Klimaneutralität, Agora Energiewende and Agora Verkehrswende. pp. 1–
32, 2021 [Online]. Available: https://static.agora-
energiewende.de/fileadmin/Projekte/2021/2021_04_KNDE45/A-
EW_213_KNDE2045_Summary_EN_WEB.pdf. [Accessed: 15-Aug-2024] 

[26] K. Neuhoff, N. May, and J. C. Richstein, ‘Financing renewables in the age of falling technol-
ogy costs’, Resour. Energy Econ., vol. 70, p. 101330, Nov. 2022, doi: 
10.1016/j.reseneeco.2022.101330. [Online]. Available: 
https://linkinghub.elsevier.com/retrieve/pii/S0928765522000471 

[27] L. Kitzing, A. Held, M. Gephart, F. Wagner, V. Anatolitis, and C. Klessmann, ‘Contracts-for-
difference to support renewable energy technologies : considerations for design and imple-
mentation’, Research Report, RSC/FSR, no. March. European University Institute, p. 55, 
2024.  

[28] MIBEL, ‘Description of the operation of the mibel’, 2009 [Online]. Available: 
https://www.mibel.com/wp-content/uploads/2018/08/Estudio_MIBEL_EN_v2.pdf. [Accessed: 
21-Oct-2024] 

[29] OMIE, ‘Electricity market’, 2024.  [Online]. Available: https://www.omie.es/en/mercado-de-
electricidad. [Accessed: 21-Oct-2024] 

[30] A. Couto et al., ‘D4.9: New forecast tools to enhance the value of VRE on the electricity 
markets (Ed. 2)’, TradeRES project deliverable. Jan-2024 [Online]. Available: 
https://traderes.eu/wp-content/uploads/2024/03/D4.9_NewForecast 
ToolsMarkets_2ndEdition.pdf. [Accessed: 10-Oct-2024] 

[31] H. Algarvio, F. Lopes, A. Couto, and A. Estanqueiro, ‘Participation of wind power producers 
in day-ahead and balancing markets: An overview and a simulation-based study’, Wiley In-
terdiscip. Rev. Energy Environ., vol. 8, no. 5, 2019, doi: 10.1002/wene.343.  

[32] H. Algarvio, F. Lopes, A. Couto, J. Santana, and A. Estanqueiro, ‘Effects of regulating the 
European Internal Market on the integration of variable renewable energy’, Wiley Interdis-
cip. Rev. Energy Environ., 2019, doi: 10.1002/wene.346.  

[33] H. Algarvio, A. Couto, and A. Estanqueiro, ‘A Methodology for Dynamic Procurement of 
Secondary Reserve Capacity in Power Systems with Significant vRES Penetrations’, in 
2024 20th International Conference on the European Energy Market (EEM), 2024, pp. 1–6, 
doi: 10.1109/EEM60825.2024.10608904.  



    

Page 103 of 121 

[34] ENTSOE, ‘P1-Policy 1: Load-Frequency Control and Performance [C]’, Operation Hand-
book. pp. 1–32, 2009 [Online]. Available: https://eepublicdownloads.entsoe.eu/clean-
documents/pre2015/publications/entsoe/Operation_Handbook/Policy_1_final.pdf. [Ac-
cessed: 20-Oct-2024] 

[35] H. Nordström et al., ‘Strategies for Continuous Balancing in Future Power Systems with 
High Wind and Solar Shares’, Energies, vol. 16, no. 14, p. 5249, Jul. 2023, doi: 
10.3390/en16145249.  

[36] H. Algarvio et al., ‘Reduction of the Market Splitting Occurrences: A Dynamic Line Rating 
Approach for the 2030 Iberian Day-ahead Market Scenarios’, in 2024 20th International 
Conference on the European Energy Market (EEM), 2024, pp. 1–6, doi: 
10.1109/EEM60825.2024.10608899.  

[37] H. Algarvio, F. Lopes, and J. Santana, ‘Strategic Operation of Hydroelectric Power Plants in 
Energy Markets: A Model and a Study on the Hydro-Wind Balance’, Fluids, vol. 5, no. 4, p. 
209, Nov. 2020, doi: 10.3390/fluids5040209.  

[38] OMIE, ‘MIBEL Market Results’, 2024.  [Online]. Available: https://www.omie.es/es/file-
access-list. [Accessed: 01-Aug-2022] 

[39] REN, ‘REN - Energy Markets Information System’, 2024.  [Online]. Available: 
https://mercado.ren.pt/EN/Electr/MarketInfo/SystemResults/SecReserveAllocation/Pages/Bi
ds.aspx. [Accessed: 01-Aug-2024] 

[40] A. Couto, H. Algarvio, and A. Estanqueiro, ‘An optimized probabilistic forecasting approach 
for hybridized wind power plants’, in 8th International Hybrid Power Plants & Systems 
Workshop (HYB 2024), 2024, pp. 295–301, doi: 10.1049/icp.2024.1852.  

[41] EC, ‘Interim Report of the Sector Inquiry on Capacity Mechanisms’, Brussels, 13.4.2016, 
SWD(2016), 119 final COMMISSION. 2016 [Online]. Available: 
https://ec.europa.eu/competition/sectors/energy/capacity_mechanisms_swd_en.pdf 

[42] M. T. M. Emmerich and A. H. Deutz, ‘A tutorial on multiobjective optimization: fundamentals 
and evolutionary methods’, Nat. Comput., vol. 17, no. 3, pp. 585–609, 2018, doi: 
10.1007/s11047-018-9685-y. [Online]. Available: https://www.scopus.com 
/inward/record.uri?eid=2-s2.0-85047918006&doi=10.1007%2Fs11047-018-9685-
y&partnerID=40&md5=97ed419c07a9f1965b55ad94eb310095 

[43] P. Choudhary, S. Blumsack, and G. Young, ‘Comparing decision rules for siting intercon-
nected wind farms’, in Proceedings of the Annual Hawaii International Conference on Sys-
tem Sciences, 2011, p. 10, doi: 10.1109/HICSS.2011.117.  

[44] H. Algarvio, ‘Least-Cost Non-RES Thermal Power Plants Mix in Power Systems with Majori-
ty Penetrations of Renewable Energy’, Electricity, vol. 2, no. 4, pp. 403–422, 2021, doi: 
10.3390/electricity2040024.  

[45] G. Strbac et al., ‘Decarbonization of Electricity Systems in Europe: Market Design Chal-
lenges’, IEEE Power Energy Mag., vol. 19, no. 1, pp. 53–63, Jan. 2021, doi: 
10.1109/MPE.2020.3033397. [Online]. Available: 
https://ieeexplore.ieee.org/document/9318571/ 

[46] ENTSO-E, ‘Mid-term Adequacy Forecast Appendix 2 Methodology 2020 Edition’, ENTSOE-
E technical report. p. 26, 2020 [Online]. Available: 
https://eepublicdownloads.entsoe.eu/clean-documents/sdc-
documents/MAF/2020/MAF_2020_Appendix_2_Methodology.pdf 

[47] P. Piotrowski, I. Rutyna, D. Baczyński, and M. Kopyt, ‘Evaluation Metrics for Wind Power 
Forecasts: A Comprehensive Review and Statistical Analysis of Errors’, Energies, vol. 15, 
no. 24, p. 9657, Dec. 2022, doi: 10.3390/en15249657. [Online]. Available: 
https://www.mdpi.com/1996-1073/15/24/9657 

[48] I. Jimenez, L. de Vries, and M. Cvetkovic, ‘D3.1 - Performance specifications for a (near) 
100 % RES system’, TradeRES project deliverable. p. 39, 2021 [Online]. Available: 
https://traderes.eu/wp-
content/uploads/2021/04/D3.1_TradeRES_PerformanceSpecifications_H2020.pdf 

[49] ACER/CEER, ‘ACER Market Monitoring Report 2019 – Electricity Wholesale Markets Vol-
ume’, Annual report on the results of monitoring the internal electricity markets in 2019. p. 
82, 2021 [Online]. Available: 
https://documents.acer.europa.eu/Official_documents/Acts_of_the_Agency/Publication/ACE
R Market Monitoring Report 2019 - Electricity Wholesale Markets Volume.pdf 

[50] European Commission, ‘Methodological description and interpretation of the volatility index 
for electricity markets’. p. 3 [Online]. Available: 
https://ec.europa.eu/energy/sites/ener/files/documents/volatility_methodology.pdf 



    

Page 104 of 121 

Annex A – Market Performance indicators: a detailed 
description  

In this annex, each MPI used in this version the D5.3 deliverable is presented in a con-

sistent way using the following descriptors:  

• Name (and acronym): Identification of the MPI and (when applicable) an acronym 

is provided. 

• Detailed description: Detailed description of the MPI, indicating its objective and 

motivation to be analysed in the project. When applicable bibliographic references 

and common/reference values mentioned in the literature are also provided. 

• Measuring the MPI/Unit: Indication how the MPI can be measured. When applica-

ble the units of the MPI are also presented. 

• Mathematical formulation: Identification of the mathematical formulation to com-

pute the MPI.  

• Target and optimal value (when applicable): Indicate the target and optimal value 

of the MPI. In this case, the information can be generic (e.g., increase the annual 

share of vRES generation). When applicable the optimal value will be provided.  

 

Below the description of each MPI is provided. 

 

MPI #1 

Name (and acronym)  
Share of renewable energy sources (RES) in the national de-

mand. 

Detailed description  

This MPI indicates the level of integration of RES, including 

wind, solar, biomass, biogas, concentrated solar power, hydro 

power plants, others in the power system under analysis. Im-

portant to understand the position of the different energy mix 

scenarios analysed in the TradeRES project in the pathway for 

a near 100% RES power system. 

Measuring the MPI/Unit % 

Mathematical formulation  

𝑅𝐸𝑆𝑠ℎ𝑎𝑟𝑒 = 
∑ ∑ 𝑅𝐸𝑆_𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑘,𝑡

𝑇
𝑡=1

𝐾
𝑘=1

∑ 𝐷𝑒𝑚𝑎𝑛𝑑𝑡
𝑇
𝑡=1

 

where 𝑅𝐸𝑆_𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛  is the generation from the k-th RES 

asset/technology at t-th time step. 𝐷𝑒𝑚𝑎𝑛𝑑𝑡 is the total elec-

tricity demand.  
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MPI #4 

Name (and acronym)  Loss of Load Expectation (LOLE) 

Detailed description  

Number of hours that secured capacity doesn’t meet the de-

mand (including imports and exports consideration) within a 

control region; simplified (no Monte Carlo simulation); see, 

e.g., [7], [46].  

Measuring the MPI/Unit h/year 

Mathematical formulation  𝐿𝑂𝐿𝐸 = ∑1{𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑙𝑜𝑎𝑑𝑡>𝑃𝑒𝑎𝑘 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑡}

𝑇

𝑡=1

 

Target and optimal value (when 

applicable) 
0 

 

MPI #5 

Name (and acronym)  Expected Energy Not Served (EENS) 

Detailed description  

Amount of energy that cannot be provided during hours with 

loss of load (including imports and exports consideration) with-

in a control region [7]. 

Measuring the MPI/Unit MWh/year 

Mathematical formulation  𝐸𝐸𝑁𝑆 =  ∑𝑁𝑒𝑡 𝑙𝑜𝑎𝑑𝑡 − 𝑃𝑒𝑎𝑘 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑡{𝑁𝑒𝑡 𝑙𝑜𝑎𝑑𝑡>𝑃𝑒𝑎𝑘 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑡}

𝑇

𝑡=1

 

Target and optimal value (when 

applicable) 
0 (optimal value). 

 

MPI #8 

Name (and acronym)  Load shedding 

Detailed description  

This MPI is related to security of supply. During how many 

hours there is not enough flexibility in the system and load 

shedding occurs, as well as how much load shedding occurs 

yearly in terms of energy. 

Measuring the MPI/Unit h, # of events. 

Mathematical formulation  

Expressed in the number of hours and events during a year 

when shedding happened as well as a percentage value of the 

annual consumed (or traded) energy within a pre-defined spa-

tial domain/control zone/electricity market.  

Target and optimal value (when 

applicable) 

Compare optimization results with ABM results, as well as 

results between market designs. 
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MPI #10 

Name (and acronym)  Use of demand side management and response (DSM/DR) 

Detailed description  

This MPI is related to secure, sustainable, affordable and 

competitive energy. Demand side management and response 

can increase competition, decrease the energy bill of consum-

ers, increase the integration of RES, and avoid load shedding. 

How much electric vehicles, heat pumps, etc. provide flexibil-

ity/demand response in different markets (or how much of that 

is activated)? 

Measuring the MPI/Unit Dimensionless, number of start-ups and shutdowns 

Mathematical formulation  

𝐷𝑅𝑢𝑠𝑒 =
∑ 𝐶𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑑 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦𝑡
𝑇
𝑡=1

∑ 𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑜𝑟 𝑡𝑟𝑎𝑑𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦𝑡
𝑇
𝑡=1

 

where t is the time steps when the demand response is acti-

vated. 

Target and optimal value (when 

applicable) 

Compare optimization results with ABM results, as well as 

results between market designs 

 

 

MPI #11 

Name (and acronym)  Peak Load Reduction (PLR) 

Detailed description  

Comparison of absolute peak values between the initially de-

manded and the actually realized load in a period of time for 

indicating DSR effects.  

Measuring the MPI/Unit % 

Mathematical formulation  

𝑃𝐿𝑅𝑇 = (1 −
𝑃𝑒𝑎𝑘𝑟𝑒𝑎𝑙𝑖𝑧𝑒𝑑,𝑇
𝑃𝑒𝑎𝑘𝑖𝑛𝑖𝑡𝑖𝑎𝑙,𝑇

) ∗ 100 

 
where 𝑃𝑒𝑎𝑘𝑥,𝑇 = max

𝑡∈𝑇
𝐷𝑥,𝑡 

Target and optimal value (when 

applicable) 
Not applicable. 
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MPI #12 

Name (and acronym)   Ancillary service(s) energy use 

Detailed description  
This MPI presents the dispatched energy,𝑒𝑜, of each ancillary 

service (AS) product (o) and all ancillary services (O). 

Measuring the MPI/Unit  MWh 

Mathematical formulation   ∑ |𝑒𝑜|
𝑂
𝑜  

Target and optimal value (when 

applicable) 
 0 

 

MPI #13 

Name (and acronym)   Capacity procurement in the AS 

Detailed description  
This MPI presents the capacity procurement,𝑐𝑜, of each AS 

product (o) and all ancillary services (O). 

Measuring the MPI/Unit  MW 

Mathematical formulation   ∑ 𝑐𝑜
𝑂
𝑜  

Target and optimal value (when 

applicable) 
 0 

 

 

MPI #14 

Name (and acronym)   Percentage of capacity use in the AS 

Detailed description  

This MPI presents if the capacity, 𝑐𝑜, of each (o) and all ancil-

lary services (O) during time period ,ℎ, are effectively used in 

the AS. 

Measuring the MPI/Unit  % 

Mathematical formulation   ∑
𝑐𝑜

ℎ𝑒𝑜

𝑂
𝑜 × 100 

Target and optimal value (when 

applicable) 
 100 % 
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MPI #15 

Name (and acronym)  Share of demand participation in the AS 

Detailed description  
This MPI presents the share of demand participation, 𝑞𝑜

𝐷, in 

the AS, 𝑖𝐷
𝐴𝑆.  

Measuring the MPI/Unit % 

Mathematical formulation   𝑖𝐷
𝐴𝑆 = ∑

𝑝𝑜𝑞𝑜

𝑞𝑜
𝐷

𝑂
𝑜 × 100 

Target and optimal value (when 

applicable) 
> 0 % 

 

MPI #16 

Name (and acronym)  Share of vRES participation in the AS 

Detailed description  
This MPI presents the share of vRES participation,𝑞𝑜

𝑣𝑅𝐸𝑆, in 

the AS, 𝑖𝑣𝑅𝐸𝑆
𝐴𝑆 .  

Measuring the MPI/Unit  % 

Mathematical formulation   𝑖𝑣𝑅𝐸𝑆
𝐴𝑆 = ∑

𝑝𝑜𝑞𝑜

𝑞𝑜
𝑣𝑅𝐸𝑆

𝑂
𝑜=1 × 100 

Target and optimal value (when 

applicable) 
 > 0 % 

 

 

MPI #17 

Name (and acronym)  Market-based energy curtailed of vRES 

Detailed description  
Amount of energy curtailed due to market-based incentives to 

do so. 

Measuring the MPI/Unit MWh/year 

Mathematical formulation  

𝑅𝐸𝑆 𝑐𝑢𝑟𝑡𝑎𝑖𝑙𝑚𝑒𝑛𝑡

=  ∑ ∑ (𝑅𝐸𝑆_𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛_𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙𝑘,𝑡
𝑇

𝑡=1

𝐾

𝑘=1

− 𝑅𝐸𝑆_𝐼𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛𝑘,𝑡) 

where, 𝑅𝐸𝑆_𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛_𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 is the available generation 

and 𝑅𝐸𝑆_𝐼𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 is the energy used for the 𝑘-th as-

set/technology and 𝑡-th the time step. 

Target and optimal value (when 

applicable) 
Not applicable. 
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MPI #25 

Name (and acronym)  Normalized root mean square error (NRMSE) of forecasts 

Detailed description  

This MPI intends to quantify the phase errors (related to tem-

poral consistency and the capability to reproduce the temporal 

variability of a predetermined parameter) of the model. As 

appointed by several authors, such errors cannot be easily 

removed by using linear corrections as it is usual for ampli-

tude-related errors (e.g., NB). Thus, a forecasting approach 

with lower phase errors is preferred rather than a forecast with 

reduced amplitude errors [47]. 

Measuring the MPI/Unit % 

Mathematical formulation  
𝑁𝑅𝑀𝑆𝐸 = 100 ×

√ ∑ (𝐹𝑜𝑟𝑒𝑐𝑎𝑠𝑡𝑡 − 𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑𝑡)
2𝑇

𝑡=1

𝑇
𝑁𝑜𝑚𝑖𝑛𝑎𝑙𝑃𝑜𝑤𝑒𝑟

 

𝐹𝑜𝑟𝑒𝑐𝑎𝑠𝑡𝑡 and 𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑𝑡correspond to the forecast and ob-

served data for the t-th time step. 

Target and optimal value (when 

applicable) 
0 % 

 

 

MPI #26 

Name (and acronym)  Total system costs 

Detailed description  

This MPI is related to affordable and competitive energy. It 

represents the European power (and energy) system costs, 

including its investments and operation. 

Measuring the MPI/Unit € 

Mathematical formulation  

𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑠𝑡𝑠 = 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡𝑠 +  𝑂&𝑀 𝑐𝑜𝑠𝑡𝑠 

+  𝑐𝑦𝑐𝑙𝑖𝑛𝑔 𝑐𝑜𝑠𝑡𝑠 +  𝑓𝑢𝑒𝑙 𝑐𝑜𝑠𝑡𝑠 

+  𝑙𝑜𝑎𝑑 𝑠ℎ𝑒𝑑𝑑𝑖𝑛𝑔 𝑐𝑜𝑠𝑡𝑠 

Target and optimal value (when 

applicable) 

Compare optimization results with ABM results, as well as 

results between market designs 
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MPI #27 

Name (and acronym)  System costs for dispatch 

Detailed description  The overall costs of the power system modelled. 

Measuring the MPI/Unit €/year 

Mathematical formulation  𝐷𝑖𝑠𝑝𝑎𝑡𝑐ℎ𝑐𝑜𝑠𝑡 = 𝐶𝑜𝑠𝑡𝑓𝑢𝑒𝑙 + 𝐶𝑜𝑠𝑡𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 + 𝐶𝑜𝑠𝑡𝑙𝑜𝑎𝑑𝑠ℎ𝑖𝑓𝑡 

Target and optimal value (when 

applicable) 
Not applicable. 

 

MPI #28 

Name (and acronym)  Costs to society 

Detailed description 
The sum of the electricity price, the cost of the capacity mar-
ket, and the cost of the renewable policy (if applicable) per unit 
of electricity consumed 

Measuring the MPI/Unit   €/MWh 

Mathematical formulation 
 𝐶𝑜𝑠𝑡𝑠 𝑡𝑜 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑟𝑠 = 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑝𝑟𝑖𝑐𝑒 +
𝑐𝑜𝑠𝑡𝑠 𝑜𝑓 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑚𝑎𝑟𝑘𝑒𝑡+𝑉𝑅𝐸𝑆 𝑆𝑢𝑝𝑝𝑜𝑟𝑡 𝑐𝑜𝑠𝑡𝑠

𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
 

 

Target and optimal value (when 
applicable)  

Lower costs are desirable. It can be calculated per year or as 
an average of all simulation years.  

 

MPI #29 

Name (and acronym)  Average day-ahead market price 

Detailed description  
Volume-weighted average of hourly day-ahead market price 

for a year 

Measuring the MPI/Unit €/MWh 

Mathematical formulation  

Power prices: Intersection of demand and supply curve;  

dual value of demand coverage constraint 

Volume-weighted average 

Target and optimal value (when 

applicable) 

Sub-target: low price level for affordability, high price level for 

cost recovery 
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MPI #31 

Name (and acronym)  RES support costs  

Detailed description  
The overall and specific amount of support pay out to RES 

operators 

Measuring the MPI/Unit €/year; €/MWh 

Mathematical formulation  

𝑅𝐸𝑆𝑠𝑢𝑝𝑝𝑜𝑟𝑡 = ∑ 𝑠𝑢𝑝𝑝𝑜𝑟𝑡_𝑝𝑎𝑦𝑚𝑒𝑛𝑡𝑖
𝑛

𝑖=1
 

 Where 𝑠𝑢𝑝𝑝𝑜𝑟𝑡_𝑝𝑎𝑦𝑚𝑒𝑛𝑡𝑖 is the money paid to renewable 

generator 𝑖 and 𝑛 is the number of RES receiving support. 

Target and optimal value (when 

applicable) 
Lowest possible. 

 

MPI #32 

Name (and acronym)  Market-based cost recovery 

Detailed description  

Relation of market-based revenues and expenses per tech-

nology (including storage) which indicates refinancing possibil-

ities, cost coverage and support needs (similar to D3.1 [48]). 

With more flexibility in the system, the volume of unserved 

energy can be reduced. Instead, scarcity may be indicated by 

prices only. Some scarcity prices are necessary, among oth-

ers to signal the need for investment. The system-level cost 

recovery can indicate if there are enough market incentives. If 

prices are structurally higher than average cost, however, the 

system may be considered as not being adequate. It can be 

applied at a system level or per technology or per company. 

Measuring the MPI/Unit Dimensionless 

Mathematical formulation  

𝑀𝑎𝑟𝑘𝑒𝑡𝑖𝑛𝑐𝑜𝑚𝑒 =
∑ 𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝑠𝑡
𝑇
𝑡=1

∑ 𝐸𝑥𝑝𝑒𝑛𝑠𝑒𝑠𝑡
𝑇
𝑡=1

  

where t is the temporal time available. Revenues represent 

the gains due to the participation on the different market prod-

ucts. 𝐸𝑥𝑝𝑒𝑛𝑠𝑒𝑠 represent all expenses of participating in the 

different electricity market products. 

For the system-level cost recovery: 

𝐶𝑜𝑠𝑡 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =
𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑟𝑘𝑒𝑡 𝑟𝑒𝑣𝑒𝑛𝑢𝑒𝑠

𝑡𝑜𝑡𝑎𝑙 𝑠𝑦𝑠𝑡𝑒𝑚 𝑐𝑜𝑠𝑡𝑠
 

Target and optimal value (when 

applicable) 

Optimal value for the average price is the average cost of 

electricity, considering a normal return on investment. 
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MPI #33 

Name (and acronym)  Price convergence 

Detailed description  

Yearly percentage of hours with full, moderate and low price 

convergence measured by the yearly average day-ahead 

price differentials across European borders with: 

- Full price convergence defined as 0-1€/MWh price differential 

- Moderate price convergence defined as 1-10€/MWh price differ-

ential 

- Low price convergence defined as >10€/MWh price differential 

Further details are provided in [49]. 

Measuring the MPI/Unit €/MWh 

Mathematical formulation  
Price differential: Δ𝑝𝑖𝑗

𝐷𝐴 = ∑
(𝑝𝑖𝑡
𝐷𝐴𝑀−𝑝𝑗𝑡

𝐷𝐴𝑀)

𝑡

𝑇
𝑡=1  for hours 𝑡 and bid-

ding zones 𝑖, 𝑗 𝜖 𝐼 

Target and optimal value (when 

applicable) 

Hard to determine optimal level as 100% full price conver-

gence would mean overinvestment in the grid.  

Comparison to current ones. 

 

MPI #36 

Name (and acronym)  Ancillary service(s) (AS) costs 

Detailed description  

This MPI presents the costs (𝐶𝑜) of each AS system (o) and all 

ancillary services (O) considering the price, 𝑝𝑜, and quantity 

𝑞𝑜. The quantity can be in power capacity (MW) or energy 

(MWh). 

Measuring the MPI/Unit € 

Mathematical formulation   ∑ 𝐶𝑜 =
𝑂
𝑜 ∑ 𝑝𝑜𝑞𝑜

𝑂
𝑜  

Target and optimal value (when 

applicable) 
 0 
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MPI #37 

Name (and acronym)  Average market penalties 

Detailed description  

This MPI presents the penalties associated with the deviations 

between expected and observed power in the different elec-

tricity market products during period 𝑇. These penalties should 

be paid by the balance responsible parties (BRPs), consider-

ing that all players that deviated from the original program,𝑞𝑑𝑒𝑣 

, pay the entire AS costs. 

Measuring the MPI/Unit €/MWh 

Mathematical formulation  �̅�𝑃𝐸𝑁 =
∑ ∑ 𝑝𝑜,𝑡𝑞𝑜,𝑡

𝑂
𝑜
𝑞𝑑𝑒𝑣,𝑡

𝑇
𝑡=0

𝑇
 

Target and optimal value (when 

applicable) 
0 

 
 
 

MPI #38 

Name (and acronym)  Average imbalances prices 

Detailed description  

This MPI presents the average imbalances prices for up, 𝑝𝑖𝑚𝑏
𝑢𝑝

 

, and down, 𝑝𝑖𝑚𝑏
𝑑𝑜𝑤𝑛, deviations that should be paid by the bal-

ance responsible parties during period 𝑇. 

Measuring the MPI/Unit €/MWh 

Mathematical formulation  

�̅�𝑖𝑚𝑏.
𝑢𝑝

=
∑ 𝑃𝐷𝐴𝑀𝑡 − 𝑃𝑃𝐸𝑁𝑡
𝑇
𝑡=0

𝑇
 

�̅�𝑖𝑚𝑏.
𝑑𝑜𝑤𝑛 =

∑ 𝑃𝐷𝐴𝑀𝑡 + 𝑃𝑃𝐸𝑁𝑡
𝑇
𝑡=0

𝑇
 

where 𝑃𝐷𝐴𝑀 is the day-ahead market price. 

Target and optimal value (when 

applicable) 
Optimal value is the average day-ahead market price. 
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MPI #41 

Name (and acronym)  Volatility of electricity prices 

Detailed description  
Key indicator in the risk management since it represents the 

price fluctuations over a period. 

Measuring the MPI/Unit Dimensionless 

Mathematical formulation  

The volatility index can be calculated from daily average prices 

as follows: 

𝑋𝑖 = 𝑙𝑜𝑔10𝑃𝑑𝑎𝑦𝑇 − 𝑙𝑜𝑔10𝑃𝐷𝑎𝑦𝑇−1 

Xi denotes the logarithmical difference of the daily average 

prices of two consecutive trading days,  

𝑋𝑑̅̅̅̅ =  
∑ 𝑋𝑖
𝑑
𝑖=1

𝑑
 

d denotes the number of trading days observed and Xd de-

notes the averages of Xi-s over a period of d trading days. The 

annualised volatility can be calculated as follows, 

𝑉𝑂𝐿(𝑇−𝑑+1,𝑇) = 100 ∗  √𝑁 ∗ √
∑ (𝑋𝑖 − �̅�)

2𝑘
𝑖=1

𝑑
 

where N is the number of trading days for a year. 

For electricity markets, it is recommended to eliminate the 

weekend prices. Lower trading volumes might cause higher 

daily price variations, so an average monthly 21 trading day 

period and yearly 252 days period is recommended.  

To construct regional and European level volatility indices from 

the regional sub-indices, the methodology suggests to calcu-

late the weighting factors for each market on each trading day 

and t, and then aggregate the daily logarithmic differences. 

From these values then calculate the standard deviation, and 

multiply the results by the annualisation factor and by 100. The 

weighting coefficient would be  

𝑊𝑐𝑖 =  ∑ 𝐷𝑐𝑖

𝑇

𝑇−𝑑+1

 

Dci is the daily traded volume of day-ahead contracts on a 

given market on a given trading day. The daily logarithmic 

differences are aggregated as weighted arithmetical averages, 

𝑋𝐸𝑈𝑖 =
∑𝑊𝑐𝑖 ∗ 𝑋𝑖

∑𝑊𝑐𝑖
 

Further details are provided in [50]. 

Target and optimal value (when 

applicable) 
Low volatility is more preferable. 
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MPI #45 

Name (and acronym)  Power system emissions  

Detailed description  

This MPI is related to sustainable development and it provides 

the annual CO2 emissions associated with fossil fuel energy 

generation. This indicator enables quantifying how much the 

different market designs reduce CO2 emissions. It can be 

used in some scenarios as constraint equal to 0. 

Measuring the MPI/Unit tons  

Mathematical formulation  

𝐶𝑂2𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 =∑ ∑ (𝐶𝑂2𝑝𝑒𝑟𝑀𝑊ℎ𝑘,𝑡
𝑇

𝑡=1

𝐾

𝑘=1

× 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑘,𝑡) 

where 𝑘 is the asset/technology and 𝑡 represents the time 

step. 

Target and optimal value (when 

applicable) 

Compare optimization results with ABM results, as well as 

results between market designs.  

 

MPI #47 

Name (and acronym)  
Country welfare, producer and consumer surplus per electricity con-

sumed 

Detailed description  

Different measures of hourly producer and consumer surplus per elec-

tricity consumed by country can give insights on welfare as well as risk 

distribution across countries: 

Hourly rent of producer located in a country per electricity consumed in 

a country: Difference between hourly revenues per electricity produced 

in a country (market price plus other premia, such as renewable sup-

port schemes or some form of capacity payments) and marginal costs 

times hourly generation divided by the country’s hourly consumption 

Hourly consumer surplus by country: Average difference between hour-

ly willingness to pay and prices of electricity consumption (market price 

plus taxes, levies, charges…) of consumer groups 

Total welfare per electricity consumer by country: adding the two 

measures: 

a. The numbers should be compared in terms of:  

Measures of welfare distribution  

Their annual sum of all producers/consumers in a country 

The standard deviation of this annual sum across countries 

b. Measures of risk distribution:  

The variance of hourly values 

For a graphical definition of producer and consumer rent in an electrici-

ty market context please see [7]. 

Measuring the 

MPI/Unit 
€/kWh 
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MPI #47 

Mathematical        

formulation  

Hourly producer surplus per consumption:  
∑ (𝑝𝑖𝑡+𝑠𝑖𝑘𝑡−𝑚𝑐𝑖𝑘𝑗𝑡)𝑞𝑖𝑘𝑡
𝐾
𝑘=1

𝑐𝑖𝑡
 

Hourly consumer surplus per consumption: ∑ 𝑤𝑡𝑝𝑖𝑐𝑡 − 𝑝𝑖𝑡 − 𝑡𝑖𝑐𝑡
𝐶
𝑐=1  

With: 

- 𝑝𝑖𝑡 as wholesale market price  

- 𝑠𝑖𝑗𝑡  as relevant support/subsidy for producer k,  

- 𝑚𝑐𝑖𝑗𝑡 as k’s marginal costs, 

- 𝑞𝑖𝑗𝑡 as k’s generation, 

- 𝑐𝑖𝑡 as a country’s total electricity consumption 

- 𝑤𝑡𝑝𝑖𝑐𝑡 as willingness to pay of consumer group c and 

- 𝑡𝑖𝑐𝑡 as its relevant taxes/levies/charges/subsidies 

- in country i  

- in hour t. 

Target and optimal 
value (when applica-
ble) 

High annual sums, but low standard deviation and variance are desir-
able. 

Case studies Pan-European, LEC. 
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Annex B – MIBEL additional results  

This section presents additional results from the simulation performed for the S0 scenario, 

considering DAM and PAM designs with both simple and strategic price definitions. The 

Figure B1 presents the average daily prices for four different strategies: "S0 DAM simple 

strategy", "S0 DAM strategy", "S0 PAM simple strategy", and "S0 PAM strategy". 

 
a) 

 
b) 

 
c) 

 
d) 

Figure B1. Daily average prices: a) – DAM & simple strategy, b) - PAM & simple strategy, c) - 
DAM & strategy, and d) PAM & strategy. 

 

When examining average clearing prices, the results indicated an approximate average 

of 35.51 €/MWh for the S0 DAM simple strategy, 39.73 €/MWh for the S0 DAM strategy, 

42.80 €/MWh for the S0 PAM simple strategy, and 44.90 €/MWh for the S0 PAM strategy. 

The S0 PAM strategy exhibited greater stability in its market prices, while the S0 DAM 

simple strategy showed significant fluctuations, reflecting its less effective pricing mecha-

nisms. Similarly, the S0 PAM simple strategy demonstrated price instability. 

The Figure B2 presents key trading metrics for four distinct strategies. These metrics 

include total traded volumes, total offered demand, and total offered supply. 

In terms of total traded volumes, the S0 PAM simple strategy led with 352,320.07 

GWh, indicating the highest level of trading activity, followed closely by the S0 DAM sim-

ple strategy at 351,895.41 GWh. Both S0 DAM and S0 PAM strategies present lower vol-

umes of 346,920.79 GWh and 349,236.80 GWh, respectively.  
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a) 

 
b) 

 
c) 

 
d) 

Figure B2. Offered and traded energy: a) – DAM simple strategy, b) - PAM & simple strategy, c) 

- DAM & strategy, and d) PAM & strategy. 

 

 

The Figure B3 presents the total traded energy by various technologies under different 

strategies.  Natural gas shows substantial variations, with the highest trading volume un-

der the S0 DAM strategy at 78,252.38 GWh, indicating that more complex strategies lev-

erage this resource effectively. Hydro Discharge also peaks at 16,210.63 GWh under the 

S0 DAM strategy. Nuclear energy trades highest at 59,529.61 GWh in the S0 DAM strate-

gy, while Pumped Hydro Storage (PHS) shows higher trades in PHS discharge. Solar PV 

residential notably increases in volume to 61,170.80 GWh under the S0 PAM strategy. 

Wind offshore shows minimal trades in simple strategy scenarios but surges in the S0 

PAM strategy. Conversely, wind onshore performs well in simple strategy scenarios but 

drops significantly in the strategy scenarios.  
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a) 

 
b) 

 
c) 

 
d) 

Figure B3. Traded energy by technology: a) – DAM simple strategy, b) - PAM simple strategy, c) - 
DAM strategy, and d) PAM strategy 

 

B.1 – S0 simulations  

Figure B4 presents the surplus for consumers and producers normalised and present-

ed in €/MWh for each country in both DAM/PAM and IDM. 

For Figure B4a) and b), the results align with the MPI #47 results for this scenario, 

showing that consumers (demand) largely support the marginal costs of prosumers, which 

in turn reduces the remuneration for suppliers, affecting their ability to recover investment 

costs. Analyzing the results of Figure B4c) and d), a similar behavior is observed as in the 

previous analyses. In the case of the IDM, the surplus values of consumers and producers 

are closer, due to the smaller adjustments made in the energy balance. 
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a) 

 
b) 

 
c) 

 
d) 

 

Figure B4. a) Portuguese DAM and PAM surplus, b) Spanish DAM and PAM surplus, c) Portu-

guese IDM surplus, and d) Spanish IDM surplus for S0 simulations. 
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B.2 – S1-S4 scenarios  

The Figure C5 presents the surplus for consumers and producers normalised and pre-

sented in €/MWh for each country in both DAM/PAM and IDM for S1-S4 scenarios. 

 
a) 

 
b) 

 
c) 

 
d) 

Figure C5. a) Portuguese DAM surplus, b) Spanish DAM surplus, c) Portuguese IDM surplus, and 
d) Spanish IDM surplus for S1-S4 simulations. 

 

 
 
 
  
  

  
  

  
 

  
  

  
 

  
  

  
 

 
  
  

 
  
  

 
  
  

 
  
  

    

      

       

       

       

       

       

        

  
  
  
  
  
  

 
 
 

         

                      

  
  

  
 

  
  

  
 

  
  
  
 

  
  

  
 

 
  
  

 
  
  

 
  
  

 
  
  

    

      

       

       

       

       

       

       

        

  
  
  
  
  
  

 
 
 

         

                      

  
  

  
  

  
  

  
  

  
  

  
  

 
  
 

  
  

    

    

    

    

    

    

    

    

    

        

  
  
  
  
  
  

 
 
 

         

                      

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

    

    

    

    

    

    

    

    

    

        

  
  
  
  
  
  

 
 
 

         

                      


