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Highlights: 

 In the face of growing balancing needs, there is increased interest in cross-border coordination 

of balancing capacity markets 

 We develop a model to study the coordination of the procurement and sizing of balancing 

capacity, and the allocation of cross-zonal transmission capacity 

 We apply this model to a highly renewable Central Western European-based case study 

 Results show that balancing capacity coordination enables a more cost-effective day-ahead 

energy scheduling 

 Results further show that balancing capacity coordination can substantially reduce investment 

needs for back-up capacity 

Abstract: In the face of growing balancing requirements, there is increased interest in cross-border 

coordination of balancing capacity markets. Despite improved coordination of balancing energy, only 

limited progress has been made on coordinating balancing capacity procurement and sizing. That is in 

part because the coordination of procurement and sizing is more complex as it requires the reservation 

of cross-zonal transmission capacity. In this paper, a model to simulate a joint day-ahead energy and 
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balancing capacity market clearing is presented, with coordinated procurement and sizing of balancing 

capacity, and co-optimized allocation of cross-zonal transmission capacity. We apply this model to a 

highly renewable Central Western European-based case study, to illustrate how regional coordination of 

balancing capacity markets generates benefits. Results show that balancing capacity coordination 

enables a more cost-effective day-ahead scheduling of electricity production. Notably, the scheduling of 

peak-load technologies are impacted. Potentially, the greatest benefit of balancing capacity 

coordination lies in its ability to substantially reduce the need for back-up capacity. Sharing infrequently 

used generation capacity across borders rather than having individual self-sufficient control areas, 

especially when paired with alternative sources of balancing capacity (e.g., demand response), could 

greatly reduce generation capacity needs. 

Keywords: Renewable Integration, Market Design, Power System Reliability, Reserves, Cross-border 

Coordination, Market Integration, Balancing Capacity  

1. Introduction 

The increasing penetration of variable renewable energy sources requires increased flexibility to ensure 

a safe power system operation. To deal with the associated short-term forecast errors, different 

balancing capacity (BC) products operating over different time frames, are procured and deployed. In 

European markets, the transmission system operator (TSO) carries the responsibility to procure and 

deploy this BC to ensure a balanced power system. Historically, most TSOs have been limited in the 

procurement of BC to their control areas, which typically coincide with national borders. 

Now, faced with an increased need for BC, and further driven by concerns regarding the concentration 

in balancing markets, there are increasing calls for extending European market integration to realize 

cross-border balancing (Meeus et al., 2005; Vandezande et al., 2010; MacDonald, 2013; Doorman and 

Van Der Veen, 2013; Newbery et al., 2016). The recent regulation on the internal market for electricity 



in the European Union (The European Parliament and the Council of the European Union, 2019) also 

recognizes the need to foster market integration to allow TSOs to procure and use BC in a cost-effective 

and market-based manner. In this paper, we explore the impact of such increased levels of geographic 

coordination of these balancing markets. 

 Historically Ongoing Planning Not planned 

  Balancing energy BC “exchange” BC “sharing” 

Activation Uncoordinated Coordinated Coordinated Coordinated 

Procurement* Uncoordinated Uncoordinated Coordinated Coordinated 

Sizing* Uncoordinated Uncoordinated Uncoordinated Coordinated 

Projects  
IGCC, MARI, TERRE, 

PICASSO 

EBGL 2017, All TSOs 

proposal 2019 

Exceptions: Nordics, 

bilateral (e.g., BE-FR) 

Table 1: Integration of European balancing energy and balancing capacity (BC) markets 

*Requires the allocation of cross-zonal transmission capacity 

1.1 Integration of European balancing markets 

As discussed by Van den Bergh et al. (2018), and presented in Table 1, different levels of balancing 

market integration can be distinguished, with increasing levels of coordination: 

1. Coordination of the real-time activation of balancing energy (BE), which can happen through 

imbalance netting and/or by using a common merit order list. 

a. Imbalance netting refers to the process of using the available cross-zonal transmission 

capacity (CZC) in real-time to exchange opposing imbalances before using BE. 

b. Using a common merit order list means that TSOs in different control zones use a 

common merit order list of BE bids for the real-time activation of BE, such that the 

required BE is provided at the lowest cost. This implies the exchange of BE, i.e., a 

balancing service provider in a certain zone can provide BE to a different zone. 



2. Coordination of the procurement of balancing capacity (BC), also known as the exchange of BC, 

refers to the use in a control area of BC that is located in another control area. By allowing this 

exchange, the procurement cost can be decreased by contracting the most cost-efficient BC. An 

additional benefit is the increased competition among different BC providers (Vandezande et al., 

2010; DG Energy, 2016). 

3. Coordination of the sizing of BC requirements refers to the determination of a minimal amount 

of BC needed to be available in a region spanning multiple control areas to meet the desired 

level of reliability. Due to spatial smoothing, the regional BC requirements are smaller than the 

sum of the zonal requirements. As such, less BC needs to be procured, which can lead to 

additional cost savings. The coordinated sizing of BC requirements implies the sharing of BC. This 

means that multiple TSOs can rely on the same BC to meet their local requirements by 

recognizing that the chance that they would need to activate this capacity at the same time is 

sufficiently small. 

Historically, the activation of BE and the procurement and sizing of BC was predominantly done on a 

control area basis (except for the frequency containment reserves (FCR)) (Meeus et al., 2005; Van den 

Bergh et al., 2017; Jaehnert and Doorman, 2012). In 2013, for several borders analyzed by ACER (2015), 

only 1.7% of BC and 1.2% of BE were exchanged or shared. 

Recently, efforts have been made to coordinate BE activation. The International Grid Control 

Cooperation (IGCC) project, which started in 2010, aims to create a common European platform for 

imbalance netting for automatic Frequency Restoration Reserves (aFRR). Currently (2020), the project 

covers 24 countries with 14 operational members and realizes monthly netted imbalance volumes 

around 400 GWh (ENTSO-E, 2019a). Additionally, ongoing projects are establishing a common platform 

for the exchange of BE from aFRR (the PICASSO project), manual Frequency Restoration Reserves 

(mFRR; the MARI project), and replacement reserves (RR; the TERRE project). Nevertheless, since the 



exchange of BE is not yet possible on most borders, ACER and CEER (2019) reported that for a selection 

of 13 borders, only 23% of the potential volume of imbalance netting and exchange of BE was realized in 

2018 (given the CZC that was available in real-time). 

Only a few projects focus on coordinated procurement of BC and coordinated sizing of BC requirements. 

Certain initiatives have been implemented, of which the most well-known examples are the FCR 

cooperation, and the fully integrated Nordic balancing markets. However, as discussed by Van den Bergh 

et al., 2017, coordinating BC is more complex than coordinating BE. As the latter happens in real-time, 

the status of the network is known. Hence, it is easier to establish how much CZC is available for the 

exchange of BE. In contrast, as coordination of BC happens before real-time, the status of the network is 

not known ex-ante. Thus, to ensure that the exchanged or shared BC can be delivered when called upon, 

CZC has to be reserved. 

1.2 Policy framework for the allocation of cross-zonal transmission capacity 

The Commission Regulation 2017/2195 of 23 November 2017 establishing a Guideline on Electricity 

Balancing (EBGL) allows TSOs to use CZC to exchange or share BC if: 

 CZC is available (based on statistical analysis to calculate the probability of the availability of CZC 

after intraday cross-zonal gate closure time, as described in Article 33(6) of the EBGL) 

 CZC is released (as described in Article 38 of the EBGL) 

 CZC is allocated/reserved for the exchange or sharing of BC (as described in Articles 40, 41, and 

42 of the EBGL) 

Allocation of CZC for the exchange or sharing of BC means that less CZC is available for exchanging 

electrical energy in the day-ahead energy market and the intra-day energy market. Consequently, the 

reservation of CZC for balancing has earlier been questioned in terms of allocative efficiency 



(MacDonald, 2013; Doorman and Van Der Veen, 2013). To address the issue of allocative efficiency, the 

EBGL allows three processes for allocating CZC for the exchange or sharing of BC: 

 Co-optimized allocation (as described in Article 40 of the EBGL) 

 Market-based allocation (as described in Article 41 of the EBGL) 

 Allocation based on economic efficiency analysis (as described in Article 42 of the EBGL) 

In all three processes, CZC needs to be allocated to either the energy market or the BC market, based on 

a comparison of market values of CZC for the exchange of energy and for the exchange or sharing of BC. 

What distinguishes these three allocation processes is whether the market values are based on actual or 

forecasted values for CZC. As such, there is a clear link between these three CZC allocation processes 

and the timeline of the electricity markets. 

In the case of co-optimized allocation, the allocation of CZC is based on a comparison of the actual 

market value of CZC for energy and for BC purposes. This implies that bids for energy and BC are 

available at the same time. This is reflected in the EBGL, which states that the co-optimized CZC 

allocation process shall apply if (a) the contracting period of BC is not more than one day (i.e., does not 

extend beyond the period of the day-ahead market), and (b) the contracting of BC is done not more 

than one day in advance of its provision. In contrast, in the case of market-based allocation and the 

allocation based on economic efficiency analysis, the timelines of the day-ahead market and the 

procurement of BC are not aligned. Therefore, the assessment of the market value of CZC for energy and 

BC purposes needs to be based on forecasted bids. Given that Article 32 of the EBGL states that “the 

procurement process shall be performed on a short-term basis to the extent possible and where 

economically efficient”, this work focuses on the co-optimized allocation process of CZC. 

In December 2019, ENTSO-E submitted a proposal by all TSOs for a methodology for a co-optimized 

allocation process of CZC for the exchange or sharing of BC (ENTSO-E, 2019b; ENTSO-E, 2019c). This 



proposal describes a two-step approach for the implementation of a joint energy and BC market 

clearing. In a first step, BC bids are converted into aggregated seller and buyer curves. These aggregated 

curves, together with the energy bids, are then passed to the market clearing algorithm. The objective 

function of the day-ahead market clearing then aims to maximize the total economic surplus of both 

energy and BC. As such, the day-ahead market clearing simultaneously outputs the clearing prices of the 

day-ahead energy market, the accepted energy bids, the scheduled exchanges, and CZC allocated for the 

exchange or sharing of BC. The BC market clears subsequently based on the allocated CZC. 

This proposal implies that changes will need to be made to current European market operations. 

European day-ahead markets are now coupled via the use of a common market clearing algorithm, 

namely EUPHEMIA. In its present form, EUPHEMIA does not consider the BC market or other ancillary 

service requirements (Koltsaklis and Dagoumas, 2018; Divényi et al., 2019). Therefore, the methodology 

of the All TSOs’ proposal implies that both the objective function and the network constraints of the 

single day-ahead market clearing algorithm EUPHEMIA would need to be modified (ENTSO-E, 2019c). It 

can further be noted, as described in Divényi et al. (2019) and THEMA Consulting Group ( 2014), that 

there is a co-dependency between energy and BC bids in a joint market that is not fully reflected in the 

two-step approach outlined in the All TSOs’ proposal. 

1.3 Goal and outline 

This paper analyses the impact of exchanging and sharing of BC, and the associated reservation of CZC. 

More specifically, we focus on the co-optimized allocation process for the exchange or sharing of BC 

outlined in the EBGL (ENTSO-E, 2019b). This research aims to:  

- analyze how the exchange and sharing of BC impact energy and BC scheduling decisions, as well 

as the use of CZC, and 



- provide an initial assessment of the benefits of such regional coordination in the context of a 

future, high-renewables European power system setting. 

The remainder of this paper is structured as follows. First, Section 2 provides an overview of the 

available literature on different degrees of coordination of BC markets and highlights this paper’s 

contributions. Next, Section 3 discusses the methodology, looking at the scenarios studied in this paper 

and the modeling contributions that enable this analysis. Section 4 presents the data of the case study 

to which the model is applied. Section 5 discusses the results of this case study. Finally, Section 6 

presents the conclusions and policy implications of this research. 

2. Literature Review 

2.1 Imbalance netting and BE exchange 

The first line of articles that have looked into the potential benefits of integrating balancing markets 

focused on the benefits of imbalance netting and the exchange of BE. ACER (2015) estimates the 

potential benefits of imbalance netting and BE exchange based on differences in observed imbalance 

prices for a selection of 16 borders. For the borders considered, the benefits are estimated to be more 

than 500 M€ per year, the majority stemming from BE exchange. In a study commissioned by DG ENER 

(2016), the benefits of coordinated activation are estimated based on simulations for the European 

power system for a 2030 scenario. Benefits of EU-wide imbalance netting are estimated to be about 210 

M€/year. Moving to a European-wide common merit order list for the activation of BE is estimated to 

yield additional savings of ~270 M€/year. Finally, Frade et al. (2019; 2018) assessed the benefits from 

exchanging tertiary BE from the perspective of the Portuguese TSO relying on available data, and 

conclude that the benefits are significant. 



2.2 BC exchange 

Several authors have also analyzed the potential benefits related to both the coordinated procurement 

of BC and the coordinated activation of BE. Gebrekiros et al. (2015) developed a modeling framework to 

assess the benefits of integrating the Northern European balancing markets by exchanging BC. In their 

paper, the aim is to represent current market practices, in which BC is procured well before the day-

ahead market clearing. Moreover, a constant, pre-defined share of CZC is assumed to be reserved for 

the real-time time frame. Therefore, the applied methodology differs significantly from the processes 

outlined in the EBGL and the methodology described in the recent All TSOs’ proposal for the co-

optimized allocation process of cross-zonal capacity. Still, even when simply reserving 5-20% of CZC ex-

ante, which is clearly sub-optimal compared to optimized allocation, they demonstrate that welfare 

benefits can be achieved. 

Farahmand et al. (2012) assess the benefits resulting from a coordinated procurement and activation in 

the Nordic electricity system. They consider a joint energy and BC market clearing with adapted network 

constraints. They report reductions in BC procurement costs of 72% and a reduction of real-time 

balancing costs by 30% relative to the uncoordinated case. However, the techno-economic constraints 

that impact the capabilities and costs of thermal generators to provide BC are represented in a 

simplified manner. Van den Bergh et al. (2017) have performed a similar analysis for the 2013 Central 

Western European (CWE) electricity system, considering all traditional UC constraints. However, in their 

work, CZC is assumed to be fully allocated to the energy market, and the exchange and sharing of BC are 

allowed without reserving CZC. Under this set of assumptions, they find that the BC procurement cost 

can be reduced by 83% compared to an uncoordinated case. These cost savings are offset by more 

costly BE activations in the real-time phase since network constraints were not considered while 

procuring BC. Therefore, they stress the importance of accounting for network constraints. 



In a follow-up paper on the same electricity system, Van den Bergh et al. (2018) investigate the benefits 

of coordinated procurement of BC while considering network constraints. By coordinating both BC 

procurement and BE activation, the total operational costs were shown to be reduced by ~1%. The 

larger share of these benefits was related to coordinated procurement of BC. A similar study has been 

performed by Jaehnert and Doorman (2012) for the Nordic electricity system. The reduction of BC 

procurement cost is estimated at around 40%. However, in these last two papers, a sequential market 

design is considered in which the day-ahead energy market clearing is followed by the BC market 

clearing. 

Dominguez et al. (2019) aim to gain insights into the benefits that could be obtained by integrating 

balancing markets. For an illustrative 24-node test system, they consider the benefits of coordinated 

sizing, procurement, and activation for different market designs (joint energy and BC market as well as 

sequential market designs). To do so, they use stochastic optimization models to mimic the market 

design. Such a stochastic model allows analyzing the maximum theoretical benefits that could be 

achieved by integrating balancing markets. However, there is no explicit reservation of CZC. Rather, the 

optimization model might decide to not fully use the CZC for the exchange of energy because it 

anticipates potential benefits from the exchange of BE in real-time. However, this differs from current 

deterministic market clearing algorithms in Europe, in which explicit constraints would need to be added 

to account for the reservation of CZC. 

Finally, van Stiphout (2017) analyzed the benefits of the exchange of electrical energy and BC in an 

investment planning context, showing that the exchange of BC can strongly reduce the required capacity 

of otherwise infrequently used fast-starting technologies (e.g., CCGT and OCGT), leading to significant 

cost savings, especially at higher renewable shares. 



2.3 BC sharing 

Only a limited number of authors have assessed the potential benefits related to coordinated sizing of 

BC requirements. MacDonald (2013) estimated the benefits of regionally sharing and exchanging BC and 

BE in the European market to be around 2.5-3 B€ per year. Van den Bergh et al. (2017) have assessed 

the benefits of both coordination in terms of the procurement of BC and the sizing of its requirements 

for a CWE power system. For their case, the coordinated sizing of BC requirements reduces the median 

upward BC requirement by an average of 28%, which in turn leads to a reduction of operational costs of 

about 0.28%. However, network constraints and their impact on the potential for the exchange or 

sharing of BC were not considered. 

Dominguez et al. (2019) analyzed the benefits of both coordinating the sizing of BC requirements and 

the coordinated BC procurement. As stated before, this stochastic model differs from the deterministic 

European market clearing algorithm. 

Finally, a study by DG ENER (2016) investigated different degrees of integration of EU balancing markets 

including coordinated sizing for a 2030 case study of the European electrical power system. In the case 

of coordinated procurement and sizing of BC, a joint day-ahead energy and BC market clearing is 

considered, and the network is updated to ensure reservation of CZC. Their results indicate that regional 

coordination in sizing and procurement can lead to a 30% reduction of aFRR requirements and a 41% 

reduction of mFRR requirements, which translates into cost savings of around 1,600 M€/year compared 

to the case with only coordinated activation. When looking at EU-level coordination, the benefits further 

increase to around 2,700M€/year. However, they assume that an increasing level of coordination also 

leads to a significant reduction of security margins, hence leading to more CZC being made available to 

the markets. As such, it is difficult to say whether the majority of the reported benefits effectively are 

due to the exchange and sharing of BC or whether they are dominated by the indirect benefits of 

coordination via the reduction of security margins. Also, no mathematical formulation of the model is 



presented. Finally, in their work, the benefits of coordinated sizing and coordinated procurement are 

considered simultaneously, which does not allow to analyze where the biggest benefits could be 

obtained. 

Reference 

Energy & BC 

market integration Degree of coordination CZC reservation 

Tech. 

constr. 

Share 

vRES 

Case 

study 

 Seq. Joint BE-ex. BC-ex. BC-sh. Explicit Other    

ENTOS-E (2019c)  X X X Unclear X  - - - 

Gebrekiros (2015) X   X   Ex-ante   N-EU 

Farahmand (2012)  X X X  X  LP 16% N-EU 

Van den Bergh 

(2017)  
 X X X X  No res. X 19% CWE 

Van den Bergh 

(2018) 
X  X X  

in BC-

market 
 X 19%  

Dominguez (2019)  X X X X  
Implicit 

in model 

Simpli-

fied LP 

~30%* 
IEEE 24-

node 

DG ENER (2016)  X X X X no model  X 29%  

This work  X X X X X  X >40% CWE 

Table 2: Summary of approaches in relevant work. Areas in red are improved upon in this work.  

* Based on own estimation on reported installed capacity of wind and solar PV and the 

reported peak demand, and assuming capacity factors for wind and solar PV of respectively 

30% and 12%, and an average load over peak load ratio of 0.75. 

2.4 Contribution 

Table 2 provides an overview of how this paper relates to the existing literature. This work contributes in 

the following ways: 

1. Developing a model to simulate the co-optimized allocation process of CZC for the exchange and 

sharing of BC, as outlined by ENTSO-E (2019). To the best of the authors’ knowledge, this is the 

first paper providing a mathematical formulation that simulates a market with joint day-ahead 



energy and BC market clearing with coordination in the sizing of BC requirements via sharing of 

BC, while considering the necessary network constraints to account for reservation of CZC. 

2. Illustrating how benefits can be generated by coordinating BC procurement and sizing of BC 

requirements following the mechanisms outlined in the EBGL for a realistic case study while 

accounting for technical constraints of power plants and their impact on their potential 

provision of BC. 

3. Studying the effects of regional coordination in a future, high-renewables power system setting. 

In almost all above-referenced papers, the integration of European balancing markets is 

assessed for either current or near-future systems with relatively low shares of variable 

renewables or simplified test cases. Therefore, this paper complements this existing literature. 

3. Methodology 

3.1 Coordination scenarios 

The focus of this research is on the coordination of the procurement and sizing of BC in a joint (i.e., co-

optimized) energy and BC day-ahead market clearing, explicitly considering the reservation of CZC. To 

that end, 3 coordination scenarios are analyzed: 

1. NO. No coordination (i.e. CZC is fully allocated to energy exchange) 

2. EX. Coordinated procurement of BC (i.e., “exchange” of BC) 

3. SH. Coordinated sizing of BC requirements via regionally defined minimum requirements and 

coordinated procurement of BC (i.e., “sharing” of BC) 

These scenarios are compared in terms of the day-ahead procurement of energy and BC, the allocation 

of CZC, and the total operational costs. 



3.2 Modeling cross-border BC coordination 

To simulate the joint energy and BC market clearing, a clustered unit commitment and economic 

dispatch model is developed, formulated as Mixed Integer Linear Programming Problem (MILP), building 

on Van den Bergh (2017) and Van Stiphout (2017). This model has been realized using and extending the 

open-source model generator SpineOpt1 and the Spine toolbox framework (Spine Project, 2020a; 

2020b). The core model formulation is presented in Appendix A. The specifics of the model relating to 

BC are presented in Sections 3.2.1, 3.2.2, and 3.2.3 for the no coordination scenario (“NO”), the case 

with BC exchange (“EX”), and the case with BC sharing (“SH”), respectively. 

3.2.1 Uncoordinated procurement of BC 

In the uncoordinated case, each zone z has to meet its own BC needs. Hence, the BC 𝑝𝑖,𝑏,𝑡
𝑏  produced by 

local units i has to meet the local BC requirement 𝐷𝑧,𝑏,𝑡
𝐵  on every timestep t for every BC category b (Eq. 

1). 

∀ z, b, t ∑ pi,b,t
b

iϵI(z)

≥ Dz,b,t
B  (1) 

3.2.2 Coordinated procurement of BC (“exchange”) 

In the case of coordinated procurement, additional variables are introduced in the BC constraint to 

capture the exchange of BC, where 𝑓
𝑧′,𝑧,𝑏,𝑡
𝑏,𝑒𝑥  represents BC imports to zone z and 𝑓

𝑧,𝑧′,𝑏,𝑡
𝑏,𝑒𝑥  the BC exports 

from zone z. Now, the sum of local BC production and imports has to meet the sum of the local 

requirements and the exports (i.e., Eq. 2 replaces Eq. 1). 

∀ z, b, t ∑ pi,b,t
b

iϵI(z)

+ ∑ f
z′,z,b,t
b,ex

z′:(z′,z)ϵZZ′

≥ Dz,b,t
B + ∑ f

z,z′,b,t
b,ex

z′:(z,z′)ϵZZ′

 (2) 

                                                           

1 The generic model formulation of SpineOpt is given in [27]. Given the complexity due to the specific terminology of SpineOpt, the 
mathematical equivalent of this model is described in Appendix A. 



Furthermore, an additional network constraint is introduced to ensure that sufficient CZC is reserved. 

This guarantees that the contracted BC can flow to where it is needed. Hence, for an interconnection 

between zones z and z’ the sum of the export of energy 𝑓𝑧,𝑧′,𝑡, the export of upward BC, and the import 

of downward BC is limited to the sum of the interconnection capacity 𝐹𝑧,𝑧′  and the import of energy 

𝑓𝑧′,𝑧,𝑡 (Eq. 3). BC exchange is only allowed for zones that are part of a joint group of zones or “balancing 

region” 𝐽𝐸𝑋(𝑧) in which BC procurement is coordinated. Hence, BC exchange is forced to zero for all 

interconnections outside this group (Eq. 4). 

∀ (z, z′) ∈ ZZ′, t fz,z′,t + ∑ f
z,z′,b,t
b,ex

b∈BU

+ ∑ f
z′,z,b,t
b,ex

b∈BD

≤ Fz,z′ + fz′,z,t (3) 

∀ (z, z′) ∈ ZZ′: JEX(z)

≠ JEX(z′), b, t 
f
z,z′,b,t
b,ex = 0 (4) 

3.2.3 Coordinated sizing and procurement of BC (“sharing”) 

In the case of coordinated sizing and procurement, or BC sharing, a joint sizing exercise is performed for 

the zones within a coordinating region. Due to spatial smoothing effects, this regional BC need is smaller 

than the sum of the individual zonal BC needs. As such, over the coordinating region as a whole, less BC 

has to be procured. However, as each zone’s exposure to imbalances has remained unchanged, within 

each zone still the same amount of BC needs to be available. That can now be achieved by procuring 

local BC (i.e., the conventional way) and/or sharing BC with other zones, where that BC can be either 

procured locally or in other zones. 

Moreover, additional constraints have to be introduced for every “subregion” (i.e., every possible 

combination of one or more zones) within the coordinating region to ensure that both sufficient BC is 

procured (local and shared) and CZC is allocated to BC sharing so that all shared BC can actually be made 

available when needed in the zones that rely on it to meet their local needs. To determine the 



“sufficient” quantity of BC, the same type of joint sizing exercise discussed above is performed for every 

subregion to determine a subregional BC need 𝐷𝑠𝑟,𝑏,𝑡
𝐵,𝑆𝐻 . 

These constraints can then be generalized to a single constraint that imposes that a minimum amount of 

BC needs to be available within every subregion in the BC coordination region, including the cases where 

sr is an individual zone and the whole region (Eq. 5, replacing Eq. 2). Meeting the BC need can now be 

achieved through a combination of procuring BC within the subregion and importing BC from zones 

outside of the subregion that are also in the joint region, as captured in the new variable 𝑓
𝑧′,𝑧,𝑏,𝑡
𝑏,𝑠ℎ . BC 

exchange is no longer considered as it is simply a more constrained, and hence less cost-effective, 

alternative to sharing (i.e. there is no reason to exchange BC when they can be shared)2. 

∀ sr, b, t ∑ ( ∑ pi,b,t
b

iϵI(z)

+ ∑ f
z′,z,b,t
b,sh

z′∉Z(sr):(z′,z)ϵZZ′

)

z∈Z(sr)

≥ Dsr,b,t
B,SH

 (5) 

The sharing of BC also needs to be considered in the network constraints. This is fully equivalent to the 

constraint for BC exchange (Eq. 6 replaces Eq. 3). Sharing is forced to zero outside the joint group of 

zones or balancing region in which BC procurement and sizing are coordinated (Eq. 7). 

∀ (z, z′) ∈ ZZ′, t fz,z′,t + ∑ f
z,z′,b,t
b,sh

b∈BU

+ ∑ f
z′,z,b,t
b,sh

b∈BD

≤ Fz,z′ + fz′,z,t (6) 

∀ (z, z′) ∈ ZZ′: JSH(z)

≠ JSH(z′), b, t 

f
z,z′,b,t
b,sh = 0 (7) 

                                                           

2 Note that, in contrast to the case in which there is only exchange of balancing capacity, in case of sharing, it is sensible to share in both 
directions of a certain cross-zonal interconnection. For instance, two interconnected zones could together contract sufficient balancing capacity 
to satisfy the (sub-) regional requirements, and rely partly on each other’s contracted balancing capacity to satisfy the zonal requirements. 



3.3 Limitations 

Some limitations of our approach need to be understood. First, as we only consider the day-ahead stage, 

our analysis only captures the effects of BC coordination during this stage. Any remedial effects of the 

intra-day stage or impacts of the real-time activation stage are missed. The former might lead to an 

overestimation of the cost reductions associated with the studied coordination strategies, the latter 

could have an impact either way. Still, we believe that this analysis can provide valuable insights into 

what the outcomes of the earlier market stages would be. Given that these stages typically see the 

larger traded volumes, we believe we also capture the most important impacts of coordination. 

Second, as a unit commitment model is used, market effects are not fully captured. In a European 

context, as discussed earlier, a joint clearing of energy and BC would require, among other things, the 

formulation of existing and potentially new types of energy and BC bids. Given the inherent constraints 

thereof, this would limit the amount of technical information that can be passed along to ensure, again 

among other things, transparency in price setting. This would likely reduce the amount of BC that can be 

offered reliably and hence also the benefits of coordination. 

Third, as we employ a clustered unit commitment approach, we inherently miss some of the benefits 

associated with the increased market efficiency that would follow from opening up BC markets to more 

competition, in this case from other zones. The differences in technical and economic parameters 

between specific units of the same technology type (e.g., combined-cycle gas power plants) that would 

drive some of these benefits are now ignored. However, our interest is in the impact of these 

coordination strategies in future power system settings. Including this level of detail would however 

significantly introduce arbitrary noise on the results. This would make it harder to interpret clearly how 

coordination strategies work. It would also be of limited value, as it is hard to predict all these 

parameters for a power system portfolio ten or more years from now. 



Finally, as grid constraints are considered here through Net Transfer Capacities (NTC), the amount of BC 

that can be exchanged or shared can at times be overestimated. Particularly in the context of power 

system reliability, it will be worthwhile to further explore how grid constraints limit how much and how 

far BC can travel. 

4. Case study set-up 

The model and scenarios are applied to the CWE system (the countries considered are Belgium, France, 

Germany, Luxemburg, and the Netherlands). A high renewable power system portfolio based on the 

“Renewable Ambition” scenario from the EU-SysFlex project is used (The EU-SysFlex Consortium, 2018), 

and presented in Table 3. Pumped hydro data is taken from Geth et al. (2015). The technical and 

economic characteristics of the dispatchable technologies are described in full in Appendix B. Historical 

demand and renewable day-ahead and real-time (used for BC sizing) time series for the year 2015 with a 

quarter-hourly time resolution are taken from the respective TSOs’ repositories. They are used both to 

calculate BC requirements and to schedule the day-ahead stage. Biomass and Hydro are modeled as 

fixed time series that are deducted from demand before optimization. The remaining generation 

capacity is then scheduled to meet the residual load and BC needs. Load shedding is possible at 3,000 

EUR/MWh. Curtailment of variable RES is possible at no cost. In highly renewable systems, as the ones 

studied here, this allows renewable technologies to address themselves most of the downward BC 

needs. Imposing a (high) cost of curtailment would otherwise artificially drive up the cost of balancing. 

The interconnections between the countries are modeled as Net Transfer Capacities and are based on 

the CBA reference grid (2027) of the 2018 TYNDP (ENTSO-E, 2019d), as presented in Table 4. 

BC needs are calculated following ENTSO-E methodology requirements. FCR nor RR are considered for 

this study. For FRR, only upward requirements are considered. In a high-RES system, downward FRR 

could always be provided by renewable curtailment. Hence, to enable a clearer tracing of results, 



downward FRR requirements are not imposed. To size FRR, historical quarterly forecast error data for 

one year are considered. The forecast errors of the different sources of uncertainty (here: demand, 

solar, onshore, and offshore wind) in a control zone (here: countries) are convoluted. FRR are sized to 

cover 99% of the forecast errors, aFRR to cover 90% of the quarterly forecast error variations, and mFRR 

are calculated as the difference between FRR and aFRR. For both FRR and aFRR, a dynamic sizing 

methodology is used whereby the day-ahead forecast is sorted and divided into 10 bins of 3,504 data 

points each. For each bin, BC requirements are calculated. The FRR and aFRR requirements for a time 

step are then set based on the bin in which the day-ahead forecast at that time step falls. The resulting 

aFRR to mFRR ratio ranges around 1 MW of aFRR for every 5-6 MW of mFRR (Figure 1). 

 Nuc. Coal CCGT OCGT ICE Solar W-on W-off Bio. Hydro  Charge Disch. Energy 

BE 0 0 11,848 2,962 2 4,722 5,459 3,872 1,003 193  1,196 1,301 5,710 

DE 0 24,057 33,141 8,285 674 86,141 63,603 22,946 6,586 7,170  6,417 6,805 39,120 

FR 32,276 2,892 27,940 6,985 625 45,200 32,763 24,806 3,636 26,559  4,317 5,512 83,370 

LU 0 0 995 249 3 160 485 0 37 49  1,050 1,296 4,920 

NL 0 3,496 14,231 3,558 58 5,871 6,060 6,746 2,644 37  0 0 0 

Table 3: Installed capacities for the case study; All values are expressed in MW, except for storage 

“Energy”, which is expressed in MWh. “Nuc.”: nuclear, “W-on”: onshore wind, “W-off”: offshore wind, 

“Bio.”: biomass, “Disch.”: discharging 

↓ to/from →  BE DE FR LU NL 

BE  1,000 4,300 0 3,400 

DE 1,000  4,800 2,300 5,000 

FR 2,800 4,800  0 0 

LU 0 2,300 0  0 

NL 3,400 5,000 0 0  

Table 4: Net Transfer Capacities for cross-zonal transmission capacities 



 

Figure 1: Boxplots for upward aFRR (left) and upward mFRR (middle-left) per country, and separate 

and joint upward aFRR (middle-right) and upward mFRR (right) [all in GW] where “Sep.” is the sum of 

countries’ separate needs and “Joint” is the result of a joint sizing exercise 

5. Results and Discussion 

The detailed results of the case study are presented in Appendix C. In this section, we focus only on the 

trends in these results that apply beyond the case study. Those trends illustrate two main effects driven 

by the cross-border coordination of BC markets in a high-RES power system context: 

1. an improvement in the cost-effectiveness of the day-ahead scheduling of electricity generation 

2. a potentially significant impact on the overall need for back-up capacity 

These effects are now discussed consecutively. 

5.1 Improved day-ahead energy scheduling 

5.1.1 System-wide impact 

Allowing the exchange and sharing of BC enables the joint day-ahead energy and BC scheduling to draw 

on the whole pool of available BC resources, as long as CZC constraints allow it. Rather than being 

restricted to a control area’s BC resources to meet that area’s needs, the model can now select both 

cheaper BC resources, and BC resources that enable more cost-effective scheduling of the electricity 
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generation. The former is straightforward: by allowing the exchange or sharing of BC, control areas can 

now import available BC with lower reservation costs (approximated here as 1% of a technology’s 

operational costs3) from other control areas. The latter is more complex and relates to the provision of 

“spinning” BC, i.e. BC provided by online units. 

The provision of spinning BC has two main impacts on the scheduling of capacity in the model. First, to 

provide upward spinning BC, some of the online units have to operate at a point below their maximum 

output so that they can increase their output when activated. This drives up system costs by at times 

tying up low-OPEX capacity in BC provision that could otherwise be used for producing electricity for 

export (modeled explicitly here), and through partial-load efficiency effects (not modeled explicitly 

here). 

Second, the spinning BC requirements force the model to schedule more high-OPEX units to be online. 

In trying to minimize the system cost, the model maximizes the share of low-OPEX units among the 

online units. However, those lower-OPEX units are typically less flexible (e.g., nuclear and coal units in 

this study). Hence, to be able to meet the spinning BC requirements, at some point the model has to 

either replace these units with more flexible units or bring additional, more flexible units online. This 

drives up system costs because these more flexible units are typically also higher-OPEX units. Hence, 

due to their non-zero minimum operating points, some of the lower-OPEX electricity production is 

displaced by higher-OPEX electricity production. 

Given these dynamics, the exchange and sharing of BC enable more cost-effective scheduling of the 

electricity generation by allowing to use more of the online capacity of lower-OPEX units in a control 

                                                           

3 Actual reservation costs may differ from this simplified assumption. They may reflect, among other things, the opportunity costs from not 
participating in the different energy markets, and the costs tied to a possible activation, which itself depends on the unit’s characteristics and 
the probability of such an activation (which differs per BC product type and on the bid’s expected place in the activation merit order). Our 
simplified assumption pushes the model to use as much of the capacity of a lower-OPEX technology as technically possible before moving to 
the next technology in the merit order. This allows us to clearly analyze scheduling decisions and draw key insights on the use of higher-OPEX 
capacity, discussed in detail in Section 5.2. 



area for electricity generation by partly relieving them of their BC commitments through the import of 

BC. For generation units, this means a direct increase in electricity generation. For storage units, 

particularly adept at providing spinning BC and consequently heavily used in our case study for this 

purpose, it means freeing up more charging and discharging capacity for energy arbitrage purposes. 

The overall effect of BC coordination in terms of rescheduling capacity and operational cost savings is 

rather small in our CWE-based case study. This is unsurprising, given that the provision of spinning BC is 

predominantly related to aFRR requirements, where the total volume of traded aFRR is only ~2% of the 

total volume of energy and BC needs. Comparing the uncoordinated scenario (no coordination) to the 

exchange scenario, we observe cost savings of ~25 M€/year, or ~0.1% of the total annual operating 

costs of ~21 G€/year. This is linked to a ~0.1% increase in both nuclear and renewable electricity 

generation, and a ~3% increase in storage capacity use for energy arbitrage, offset mostly by a ~0.1% 

decrease in both coal and CCGT generation. 

Comparing the uncoordinated scenario to the sharing scenario, the effects are more pronounced. This is 

a consequence of the significantly reduced BC requirements: 40% less upward aFRR and 33% less 

upward mFRR are required. Cost savings increase to ~150 M€/year, or ~0.7% of total annual operational 

costs. Changes in electricity generation are also larger, with similar changes in nuclear and renewable 

generation, an increase in coal generation (~0.2%), and a significantly larger reduction in CCGT 

generation (~0.4%). Energy-related storage activity increases, but only by ~2%, reflecting a slightly 

reduced need for energy arbitrage compared to the exchange scenario, as the system’s capacity is 

already scheduled closer to an energy-only schedule. 

It is worth noting again that potential cost savings of cross-border BC coordination are missed due to the 

clustered UC approach. Greater diversity in the technical and economic parameters related to energy 

and BC provision would increase the arbitrage opportunities and result in increased cost savings. 



 

Figure 2: Changes in average use of capacity [MW] (annual sum of energy/8760h) for energy, and 

upward aFRR and mFRR between the uncoordinated (“NO”) and coordinated scenarios (“EX”, “SH”). 

5.1.2 Country-level impacts 

While the system-wide impact is modest, much larger effects occur on a country-level. Out of an array of 

changes, we focus again on the most significant ones: the scheduling of CCGT and storage capacity. 

Figure 2 shows how their use changes when the exchange and sharing of BC are introduced.  

The impact on these technologies depends strongly on the role they play in the different power systems. 

In Belgium, CCGT is the most important dispatchable technology for the production of energy. This 

means that virtually throughout the whole year a substantial block of CCGT is operating to provide both 

energy and BC. As soon as BC exchange is introduced, this presents an opportunity to use the flexibility 

of this CCGT capacity by exporting spinning BC to neighboring countries where this could enable 

increased electricity generation from lower-OPEX technologies, i.e. France and Germany. In Luxemburg, 

a similar impact occurs, but here the flexibility of the storage capacity gets exported. In the Netherlands, 

effects are more nuanced, with increased CCGT-based electricity generation to counteract the 
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decreased generation in Belgium and Germany, paired with increased CCGT-based BC procurement, 

mostly exported to Germany. 

In France and Germany, where CCGT mostly complements large blocks of low-OPEX generation capacity, 

imports from the other countries in the case study result in large reductions in the procurement of local 

CCGT-based BC. Overall, there is an evident reduction in the amount of locally procured spinning BC. In 

France, storage capacity is thus partially relieved from its balancing commitments, allowing it to be used 

more heavily for energy arbitrage. Together, these impacts enable the increase in electricity generation 

of low-OPEX capacity in these countries, which are the key driving force behind the observed system 

cost savings. 

Moving from the exchange to the sharing of BC, many of the same dynamics remain and are now 

reinforced by the reduced BC requirements. We still observe a shift in BC procurement towards Belgium 

and Luxemburg, mostly away from France, where local BC procurement decreases by 50% (compared to 

the uncoordinated scenario). In Germany and the Netherlands, the decrease in procurement is roughly 

equivalent to the decrease in local requirements. While Figure 2 only shows averages, it is important to 

note that on an hour-by-hour basis we observe the same import and export of BC that enables lower-

OPEX electricity generation. As this now happens in the context of reduced overall BC requirements, this 

leads to even more cost-effective electricity generation scheduling. This is again dominated by what 

happens in France, although there is now also a modest increase in the use of lower-OPEX technologies 

in Germany and the Netherlands. 

 Electricity upward aFRR upward mFRR 

Uncoordinated scenario 10,908 - - 

Exchange scenario 10,297 1,328 2,960 

Sharing scenario 9,909 2,010 7,904 



Table 5: Average total use of CZC [MW] for energy and BC (annual sum of energy/8760h, summed 

over all interconnections). 

5.1.3 Cross-zonal transmission capacity allocation 

Finally, it is worth considering the allocation of cross-zonal capacity. Looking at Table 5, we see that in 

the uncoordinated case on average 10.9 GW of energy is scheduled to flow over CZC. In the exchange 

scenario, this decreases to 10.3 GW while overall scheduled flows increase to 14.6 GW. In the sharing 

scenario, energy flows decrease further to 9.9 GW while overall scheduled flows increase further to 19.8 

GW. The model thus chooses to make significant use of CZC for the exchange and sharing of BC. The 

recurring pattern is that lower-OPEX energy is sent one way while BC is sent the other. In other words, 

the import and export of energy are not strongly impeded by the import and export of BC. Rather, the 

CZC is used synergetically. 

Still, there is some decrease in the scheduled flows of energy as a result of BC exchange and sharing. 

This indicates that CZC is occasionally scheduled for the exchange and sharing of BC even if this restricts 

energy flows. To understand the magnitude of this effect, we look at the hours in which the BC flows 

across the CZC in the coordinated scenarios are larger than the energy flows in the uncoordinated 

scenario allow. In the exchange scenario, this happens on at least one of the interconnectors during 

1,400 hours of the simulated year, related to a 2% decrease in scheduled energy flows (40% of the 

overall decrease in scheduled energy flows). In the sharing scenario, this increases to over 2,800 hours, 

related to a ~5% decrease in scheduled energy flows (56% of the overall decrease). 

The results thus show that a sequential market design would be suboptimal as the impact of BC on CZC 

scheduling would not be considered during the CZC scheduling for energy. At the same time, the results 

suggest that a significant share of the benefits of cross-border coordination would likely still be captured 



in a sequential design. Further quantification of both the benefits of coordination and the efforts of 

moving towards a joint market clearing have to inform this market design decision. 

 

Figure 3: Load-duration curves for the use of capacity for energy and BC (“T”) and energy (“E”) 

activities for CCGT and OCGT in Belgium (“BE”) and Germany (“DE”) in the uncoordinated (“NO”) and 

coordinated scenarios (“EX”, “SH”). 

5.2 Impact on the total need for back-up capacity 

In the previous subsections, we have discussed how BC coordination impacts power system operation, 

namely through its impact on the provision of spinning BC, and thus generates benefits. However, the 

results of our case study show that the impact of BC coordination on the provision of non-spinning BC, 

i.e. the provision of upward mFRR through starting up flexible units, and through this its impact on the 

total need for back-up capacity in a power system is arguably of much greater importance. 

In our model set-up, which focuses on power system operation, non-spinning BC coordination did not 

generate substantial cost savings. That is because there is a large amount of capacity in every country of 

our case study that can provide such non-spinning BC. The CCGT, OCGT, and ICE capacity, all assumed to 

be able to provide non-spinning BC, sums to 111 GW (able to cover 48% of a 231 GW peak demand). 
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Consequently, there are very few direct operational cost savings to be realized from exchanging or 

sharing non-spinning BC. 

This large amount of fast-starting capacity is not a peculiarity of our case study. Rather it is an expected 

and explicable trait of power system portfolios with high renewable shares. As the renewable share of a 

power system increases, the residual demand curve shifts towards a profile that, purely in economic 

terms, is more suited to be met by lower-CAPEX technologies like the CCGT, OCGT, and ICE technologies 

in our case study. Moreover, given the low “firm capacity” contributions of variable renewables, a large 

amount of such capacity is needed to cover the residual demand curve and meet system adequacy 

targets. For example, in our case study, this volume of CCGT, OCGT, and ICE capacity is needed to ensure 

that all countries’ portfolios are able to meet an Expected-Energy-Not-Served target of <0.01%. These 

low-CAPEX technologies are also quite flexible. Consequently, the capacity that is installed to meet the 

system adequacy-related “back-up capacity” needs can also be used to meet the operational reliability-

related “flexible capacity” needs. 

With this high-OPEX, high-flexibility capacity thus already installed, non-spinning BC coordination does 

not generate significant cost savings. It does, however, have a substantial impact on the way this 

capacity gets used. What is of particular interest here is how it impacts (1) the attractiveness of investing 

in, and (2) the overall need for such capacity. Figure 3 shows a selection of load-duration curves for the 

total use (energy and BC) and the energy use of CCGT and OCGT capacity that highlight these impacts 

(see Appendix C for additional curves). 

For the CCGT capacity in our case study, two impacts are observed. On the one hand, in Belgium, 

Luxemburg, and the Netherlands (represented in Figure 3 by the Belgian case), allowing BC exchange 

boosts the use of CCGT capacity, as it is now also used for the export of BC. However, this increase in 

activity might not result in a significant increase in revenue given that such activities typically generate 



less revenue than electricity production. Moreover, allowing BC sharing more or less cancels out the 

increase in activity. In terms of electricity production, we see the minor changes mentioned earlier when 

discussing Figure 2. Overall, the CCGT capacity in these countries could roughly maintain the same level 

of attractiveness for investment. 

On the other hand, in Germany and France (represented in Figure 3 by the German case), BC 

coordination exacerbates an already poor case for investment. In both countries, ~15 GW of CCGT 

capacity gets used for less than 10% of the year. The remainder of the CCGT capacity sees a significant 

drop in use, namely its use for BC purposes. Still, as Figure 3 shows, the total need for capacity remains 

unchanged (see also Figure C.1 in Appendix C for the system-wide use of CCGT capacity). As such, the 

main opportunity presented by BC coordination here seems to not lie in a reduction in the need for 

capacity, but in the shift it enables from CCGT towards even lower-CAPEX technologies better suited in 

economic terms to meet these capacity needs, e.g., OCGT. Cross-border BC coordination can thus 

reduce the power system’s generation investment needs. 

For the OCGT (and ICE) capacity in our case study, we see a similar impact: BC coordination greatly 

reduces the use of this capacity without being able to eliminate the need for the capacity all together. In 

all countries, the vast majority of this capacity, already starting from poor load-duration curves (in 

economic terms), ends up getting used for less than 100 hours of the year in the sharing scenarios. For 

the system as a whole, ~25 GW of this capacity gets used for less than 20 hours. Here, similar to the shift 

discussed above, the main opportunity is to shift from the construction of this extremely rarely used 

capacity (which might already require additional financial support to attract investment) to the use of, 

for example, reserve shedding or infrequently used high-capacity demand response. This could further 

reduce the power system’s generation investment needs and thus also the cost of ensuring system 

adequacy and power system reliability. 



6. Conclusion and Policy Implications 

This paper presents a model to simulate the co-optimized allocation process of cross-zonal transmission 

capacity for the exchange and sharing of BC in a joint day-ahead energy and BC market clearing. We 

have applied this model to a case study for the Central-Western European region in a highly renewable 

power system setting to illustrate how regional BC coordination, in line with the mechanisms outlined in 

the European Commission’s Guideline on Electricity Balancing, impacts power system operation. 

Results show that the exchange of BC enables both more cost-effective procurement of BC resources 

and more cost-effective scheduling of electricity generation. Sharing of BC, through its associated 

reduced BC needs, reinforces these impacts and allows the portfolio to be scheduled even closer to an 

electricity generation cost-driven schedule. System-wide impacts are moderate in terms of both capacity 

rescheduling and costs savings if somewhat more important for sharing than for exchanging of BC. 

Country-level impacts are more substantial, with significant impacts on the use of “mid-load” and “peak-

load” capacity (e.g., CCGT and OCGT). Cross-zonal transmission capacity use is also substantial, with half 

of the cross-border flows being related to BC when BC sharing is allowed. However, such flows only 

mildly displace energy flows and rather complement them with BC often flowing one way when energy 

is flowing the other way. 

Still, the most important impact of cross-border BC coordination appears to be on the need for “back-up 

capacity”. At high renewable shares, the functionalities of non-spinning mFRR provision for short-term 

operational reliability and back-up capacity provision for system adequacy collapse into a demand for 

relatively low-CAPEX, high-flexibility capacity (e.g., CCGT and OCGT). Sharing such infrequently used 

capacity across borders rather than having each control area be self-sufficient could greatly reduce the 

power system’s investment needs. Our results show that cross-border BC coordination, especially when 



paired with alternative sources of firm and flexible capacity, like infrequently used high-capacity 

demand response, could significantly reduce the need for back-up capacity. 

By how much the need for back-up capacity could be reduced depends strongly on the effectiveness of 

the cross-border coordination and the extent to which it can reduce regional BC requirements. This 

requires further research, including research with investment models considering uncertainty profiles of 

multiple years, to understand in more detail what the trade-off entails between building more back-up 

capacity vs. building less but sharing it. It also invites a range of non-technical questions related to how 

governments and other actors (TSOs, large industrial consumers, etc.) want to value the loss of load in 

highly renewable power systems. 

It is, however, very clear that pursuing increased coordination of the procurement and sizing of BC is a 

no-regret option: short-term it allows more cost-effective operation of the power system without 

requiring increased investment in power system assets, whereas long-term it has the potential to reduce 

the need for generation capacity that might otherwise require financial support to attract sufficient 

investment. 
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Appendix A: Core model description 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sets 

T t Time steps ID i Dispatchable power plants 

Z z Zones IV i Variable power plants 

ZZ′ (z, z′) Interconnected zones IS i Storage units 

JEX j Joint BC zones (exchange) B b Balancing capacity categories 

JSH j Joint BC zones (sharing) BU b Upward categories 

I i Power plants (or “injections”) BD b Downward categories 

Variables 

ci,t
gen

 [€] Generation costs zi,b,t
b,su ℕ0 Non-spinning reserve start-up 

ci,t
su [€] Start-up costs zi,b,t

b,sd ℕ0 Non-spinning reserve shut-down 

ci,t
sd [€] Shut-down costs pi,t [MW] Power output 

ci,t
ramp

 [€] Ramping costs pi,b,t
b   [MW] BC power 

ci,t
curt [€] Curtailment costs pi,b,t

b,s  [MW] Spinning BC power 

ci,t
ll  [€] Load shedding costs pi,b,t

b,su [MW] BC power via start-up 

pi,t
curt [MW] Curtailment pi,b,t

b,sd [MW] BC power via shut-down 

pz,t
ll  [MW] Load shedding fz,z′,t [MW] Power flow between zones 

zi,t ℕ0 Commitment status fz,z′,b,t
b,ex  [MW] BC flow (exchange) 

zi,t
su ℕ0 Start-up decision fz,z′,b,t

b,sh  [MW] BC flow (sharing) 

zi,t
sd ℕ0 Shut-down decision    



 

 

 

 

 

 

 

 

 

 

 

 

 

 

The objective function of the unit commitment model is the minimization of the total system cost, 

consisting of generation costs, start-up and shut-down costs, ramping costs, curtailment costs, and load 

shedding costs. 

min ∑ ∑  (ci,t
gen

+ ci,t
su + ci,t

sd + ci,t
ramp

+ ci,t
b )

ti

+ ∑ ∑  ci,t
curt

ti∈IV

+ ∑ ∑  cz,t
ll

tz

 (A1) 

These costs are defined as follows (the parameter Pi
MAX in Eq. A4-A5 forces the ramping cost to be zero 

if a power plant is started up or shut down): 

Parameters 

Ci
MIN [€] Minimal operating costs Ti

MUT [h] Minimum up time 

Ci
FUEL [€/MWh] Fuel costs Ti

MDT [h] Minimum down time 

Ci
VOM [€/MWh] Variable O&M costs Pi

MIN [MW] Minimum output capacity 

Ci
SU [€] Start-up costs Pi

MAX [MW] Maximum output capacity 

Ci
SD [€] Shut-down costs Pi

SU [MW] Maximum start-up capacity 

Ci
RU [€/MW] Ramp-up costs Pi

SD [MW] Maximum shut-down capacity 

Ci
RD [€/MW] Ramp-down costs Pi

RU [MW] Maximum ramp-up capacity 

CCURT [€/MWh] Curtailment costs Pi
RD [MW] Maximum ramp-down capacity 

CLL [€/MWh] Load shedding costs Pi,b
SU [MW] Maximum BC start-up 

CB [€/MWh] Reserve procurement costs Pi,b
SD,B [MW] Maximum BC shut-down 

∆Tt [h] Duration of a time step Pi,b
RU,B [MW] Maximum BC ramp-up 

Dz,t [MW] Demand Pi,b
RD,B [MW] Maximum BC ramp-down 

 Dz,b,t
𝐵  [MW] Zonal BC need Fz,z′ [MW] Interconnection capacity 

Dsr,b,t
B,SH  [MW] (Sub-) Regional BC need (sharing) Pi,b,t

V,B [MW] Max. downward BC supply vRES 

Pi,t
V [MW] Variable renewable forecast zi,t

avail ℕ0  Number of units 



∀ i, t ci,t
gen

= Ci
MIN zi,t ∆Tt + (Ci

FUEL + Ci
VOM) pi,t ∆Tt (A2) 

∀ i, t ci,t
su = Ci

SU zi,t
su (A3) 

∀ i, t ci,t
sd = Ci

SD zi,t
sd (A4) 

∀ i, t ci,t
ramp

 ≥ Ci
RU (pi,t+1 − pi,t − zi,t

su Pi
MAX) (A5) 

∀ i, t ci,t
ramp

 ≥ Ci
RD (pi,t − pi,t+1 − zi,t

sd Pi
MAX) (A6) 

∀ i, t ci,t
ramp

 ≥ 0 (A7) 

∀ i, b, t ci,t
b  ≥ ∑ Ci,b

B ⋅ pi,b,t
b  ∆Tt

b

 
(A8) 

∀ i ∈ IV, t ci,t
curt = CCURT pi,t

curt ∆Tt (A9) 

∀ z, t cz,t
ll = CLLpz,t

ll ∆Tt (A10) 

The objective function is subject to the market clearing condition (Eq. A11). Load shedding is 

constrained to the demand level (Eq. A12). 

∀ z, t ∑ pi,t

iϵI(z)

+ ∑ fz′,z,t

z′:(z′,z)ϵZZ′

= Dz,t − pz,t
ll + ∑ fz,z′,t

z′:(z,z′)ϵZZ′

 (A11) 

∀ i, t pz,t
ll ≤ Dz,t (A12) 

Dispatchable generation is subject to commitment constraints (Eq. A13), minimum up and down times 

(Eq. A14-A15), minimum and maximum output levels (Eq. A16-A17), and upward and downward 

ramping limits, which also consider BC provision (Eq. A18-A19). 

∀ i ∈ ID, t zi,t+1 = zi,t + zi,t
su − zi,t

sd (A13) 

∀ i ∈ ID, t 
zi,t

su + ∑ zi,b,t
b,su

b∈Bu

≤ zi,t
avail − zi,t − ∑ zi,t−w

sd

w=1…Ti
MDT

 (A14) 



∀ i ∈ ID, t 
zi,t

sd + ∑ zi,b,t
b,sd

b∈BD

≤ zi,t − ∑ zi,t−w
su

w=1…Ti
MUT

 (A15) 

∀ i ∈ ID, t pi,t − ∑ pi,b,t
b,s

b∈BD

≥ zi,t Pi
MIN (A16) 

∀ i ∈ ID, t pi,t + ∑ pi,b,t
b,s

b∈BU

≤ zi,t Pi
MAX (A17) 

∀ i ∈ ID, t pi,t+1 − pi,t + ∑ pi,b,t
b

bϵBU

≤ (zi,t − zi,t
sd) Pi

RU + zi,t
su Pi

SU (A18) 

∀ i ∈ ID, t pi,t − pi,t+1 + ∑ pi,b,t
b

bϵBD

≤ (zi,t − zi,t
sd) Pi

RD + zi,t
sd Pi

SD (A19) 

Dispatchable plants’ upward BC contributions consist of a spinning and non-spinning component (Eq. 

20), while downward BC contributions consist of two spinning components (tied to ramping and shutting 

down; Eq. A21). Spinning BC contributions are limited by ramping abilities over the BC categories’ times 

of delivery (Eq. A22-A27). Here, the European framework is adopted, distinguishing between upward 

and downward FCR, aFRR and mFRR. Start-up and shut-down contributions are limited by BC product-

specific ramping abilities (Eq. A28-A29). 

∀ i ∈ ID, b ∈ BU, t pi,b,t
b = pi,b,t

b,s + pi,b,t
b,su (A20) 

∀ i ∈ ID, b ∈ BD, t pi,b,t
b = pi,b,t

b,s + pi,b,t
b,sd (A21) 

∀ i ∈ ID, t ∑ pi,b,t
b,s

b={FCRU}

≤ (zi,t − zi,t
sd) P

i,FCRU
RU,B  (A22) 

∀ i ∈ ID, t ∑ pi,b,t
b,s

b={FCRU,aFRRU}

≤ (zi,t − zi,t
sd) P

i,aFRRU
RU,B  (A23) 

∀ i ∈ ID, t ∑ pi,b,t
b,s

b∈RU

≤ (zi,t − zi,t
sd) P

i,mFRRU
RU,B  (A24) 



∀ i ∈ ID, t ∑ pi,b,t
b,s

b={FCRD}

≤ (zi,t − zi,t
sd) P

i,FCRD
RD,B  (A25) 

∀ i ∈ ID, t ∑ pi,b,t
b,s

b={FCRD,aFRRD}

≤ (zi,t − zi,t
sd) P

i,aFRRD
RD,B  (A26) 

∀ i ∈ ID, t ∑ pi,b,t
b,s

b∈RD

≤ (zi,t − zi,t
sd) P

i,mFRRD
RD,B  (A27) 

∀ i ∈ ID, b ∈ BU, t pi,b,t
b,su ≤ zi,b,t

su ⋅ Pi,b
SU (A28) 

∀ i ∈ ID, b ∈ BD, t pi,b,t
b,sd ≤ zi,b,t

sd ⋅ Pi,b
SD (A29) 

Variable generation, possibly reduced by curtailment, is limited to forecasted availability (Eq. A30). It is 

not allowed to provide upward BC (Eq. A31), but can provide downward BC, limited to sufficiently 

reliable (99.9% certainty of availability, Eq. A32) and scheduled output (Eq. A33). 

∀ i ∈ IV, t pi,t + pi,t
curt ≤ Pi,t

V (A30) 

∀ i ∈ IV, t ∑ pi,b,t
b

bϵBU

≤ 0 (A31) 

∀ i ∈ IV, t ∑ pi,b,t
b

bϵBD

≤ Pi,t
V,B (A32) 

∀ i ∈ IV, t ∑ pi,b,t
b

bϵBD

≤ pi,t (A33) 

Flows between interconnected zones are limited to the interconnection capacity (Eq. A34). 

∀ (z, z′) ∈ ZZ′, t fz,z′,t ≤ Fz,z′ (A34) 

The storage level transition is described in (A35). The maximum and minimum storage levels are 

constraint (A36-A37). Moreover, discharging and charging power flows are limited (A38-A39). Storages 

can provide BC, if the storage level is sufficient (A36) or during charging mode (A40). 



∀i ∈ IS, t ei,t = e
i,t−1

+ η
i
ch ⋅ p

i,t
ch − (1/η

i
disch)   ⋅ p

i,t
disch)Δt  (A35) 

∀i ∈ IS, t 
ei,t ≥ (

1

η
i
disch

) ⋅ ∑ p
i,b,t+1
b,s,disch

b∈RU

⋅ ΔTb (A36) 

∀i ∈ IS, t ei,t ≤ Ei
cap

 (A37) 

∀i ∈ IS, t 
p

i,t
disch + ∑ p

i,b,t
b,s,disch

b∈BU

≤ Pi
MAX,disch (A38) 

∀i ∈ IS, t p
i,t
ch ≤ Pi

MAX,ch (A39) 

∀i ∈ IS, t p
i,b,t
b,s,ch ≤ p

i,t
ch (A40) 

∀i ∈ IS, t p
i,t

= p
s,t
disch − p

s,t
ch (A41)  

∀i ∈ IS, 

b ∈ BU, t 

p
i,b,t
b,s = p

i,b,t
b,s,disch + p

i,b,t
b,s,ch 

(A42) 

  



Appendix B: Technical and Economic Parameters 

 

  Nuclear Coal CCGT OCGT ICE 

Ci
MIN [€] 0 0 0 0 0 

Plant efficiency [%] 33% 40% 58% 42% 40% 

Fuel costs [€/MWh] 1.7 15.5 24.9 24.9 74.1 

Ci
FUEL [€/MWh] 5.1 38.9 43.0 59.4 185.2 

Ci
VOM [€/MWh] 9 3.3 1.6 1.6 3.3 

Ci
SU [€] 7,000 20,000 80,000 150,000 200,000 

Ci
SD [€] 0 0 0 0 0 

Ci
RU, Ci

RD [€/MW] 0 0 0 0 0 

Ci
aFRR [€/MWh] 0.03 0.10 0.11 0.15 0.47 

Ci
mFRR [€/MWh] 0.14 0.42 0.45 0.61 1.88 

Ti
MUT, Ti

MDT [h] 24 6 3 1 1 

Pi
MIN [-] 50% 40% 35% 30% 30% 

Pi
MAX, Pi

SU, Pi
SD [MW] 1,000 800 500 250 100 

Hourly ramping [-] 30% 40% 60% 100% 100% 

Minute ramping [-] 1% 2% 4% 8% 10% 

Pi
RU, Pi

RD [-] 30% 40% 60% 100% 100% 

Pi,aFRR_up
SU,B , Pi,aFRR_dn

SD,B  [-] 0% 0% 0% 0% 0% 

Pi,mFRR_up
SU,B , Pi,mFRR_dn

SD,B  [-] 0% 0% 60% 100% 100% 

Pi,aFRR_up
RU,B , Pi,aFRR_dn

RD,B  [-] 7.5% 15% 30% 60% 75% 

Pi,mFRR_up
RU,B , Pi,mFRR_dn

RD,B  [-] 15% 30% 60% 100% 100% 

Table B.1: Technical and Economic parameters of dispatchable generators 



 

  Storage 

BE 

Storage 

DE 

Storage 

FR 

Storage 

LU 

Storage 

NL 

Ei
cap

 [MWh] 5,710 39,120 83,370 4,920 0 

Pi
MAX,disch [MW] 1,301 6,805 5,512 1,296 0 

Pi
MAX,ch [MW] 1,196 6,417 4,317 1,050 0 

ηi
disch [-] 90% 90% 90% 90% 0% 

ηi
ch [-] 90% 90% 90% 90% 0% 

Ci
aFRR [€/MW] 0.07 0.07 0.07 0.07 0.07 

Ci
mFRR [€MW] 0.28 0.28 0.28 0.28 0.28 

Table B.2: Technical and Economic parameters of dispatchable generators 



Appendix C: Detailed Case Study Results 

Table C.1: Average use of capacity [MW] for all technologies and all interconnections for the day-ahead scheduling of energy production 
(calculated as annual sum of energy divided by 8760 hours). For the interconnections, columns are export and rows are import; “NO”: 

uncoordinated scenario, “EX”: exchange scenario, “SH”: sharing scenario, “TOT”: total (per country/technology/interconnection) 
“Nuc.”: nuclear, “W-on”: onshore wind, “W-off”: offshore wind, “Disch.”: discharge capacity of storage units 

  

  Nuc. Coal CCGT OCGT ICE Solar W-on W-off Charge Disch. TOTAL BE DE FR LU NL TOTAL 

NO BE - - 6,416 8 - 576 1,265 1,513 62 50 9,890 - 466 1,939 - 542 2,947 

 DE - 18,310 7,263 11 0 9,463 16,596 7,758 754 611 60,767 160 - 2,906 19 388 3,473 

 FR 27,319 1,183 2,653 3 0 8,064 7,588 10,323 1,122 909 59,162 226 685 - - - 911 

 LU - - 341 1 - 17 129 - 106 86 680 - 908 - - - 908 

 NL - 2,837 6,136 7 0 774 1,502 2,135 - - 13,391 413 2,255 - - - 2,669 

 TOT 27,319 22,330 22,809 30 0 18,893 27,080 21,729 2,044 1,656 143,890 800 4,314 4,845 19 929 10,908 

EX BE - - 6,224 3 - 576 1,265 1,513 57 47 9,685 - 462 1,926 - 545 2,943 

 DE - 18,293 6,926 18 0 9,460 16,601 7,764 753 610 60,424 128 - 2,879 6 419 3,432 

 FR 27,347 1,176 2,634 1 0 8,079 7,591 10,336 1,210 980 59,354 204 652 - - - 856 

 LU - - 482 1 - 17 129 - 83 67 779 - 749 - - - 749 

 NL - 2,836 6,515 5 0 774 1,502 2,135 - - 13,767 258 2,069 - - - 2,327 

 TOT 27,347 22,305 22,782 27 0 18,905 27,088 21,748 2,104 1,704 144,009 590 3,932 4,805 6 964 10,297 

SH BE - - 6,178 1 - 576 1,265 1,513 59 48 9,640 - 453 1,921 - 497 2,871 

 DE - 18,315 6,807 18 0 9,452 16,600 7,763 734 595 60,283 118 - 2,831 9 409 3,367 

 FR 27,340 1,179 2,644 5 0 8,060 7,592 10,356 1,217 986 59,380 180 614 - - - 793 

 LU - - 510 1 - 17 129 - 74 60 790 - 722 - - - 722 

 NL - 2,890 6,577 3 0 774 1,502 2,135 - - 13,880 182 1,974 - - - 2,156 

 TOT 27,340 22,383 22,716 28 0 18,878 27,088 21,767 2,084 1,688 143,974 480 3,762 4,752 9 906 9,909 



 
 

Table C.2: Average use of capacity [MW] for all technologies and all interconnections for the day-ahead scheduling of upward automatic FRR 
(calculated as annual sum of energy divided by 8760 hours). For the interconnections, columns are export and rows are import; 

“NO”: uncoordinated scenario, “EX”: exchange scenario, “SH”: sharing scenario, “TOT”: total (per country/technology/interconnection) 
“Nuc.”: nuclear, “W-on”: onshore wind, “W-off”: offshore wind, “Disch.”: discharge capacity of storage units 

 
  

  Nuc. Coal CCGT OCGT ICE Solar W-on W-off Charge Disch. TOTAL BE DE FR LU NL TOTAL 

NO BE - - 267 1 - 0 0 0 9 95 372 - 0 0 - 0 0 

 DE - 234 464 3 0 0 0 0 85 508 1,295 0 - 0 0 0 0 

 FR 6 29 249 3 0 0 0 0 180 1,048 1,516 0 0 - - - 0 

 LU - - 0 0 - 0 0 0 3 23 26 - 0 - - - 0 

 NL - 0 478 5 0 0 0 0 - - 482 0 0 - - - 0 

 TOT 6 264 1,459 12 0 0 0 0 277 1,673 3,691 0 0 0 0 0 0 

EX BE - - 819 2 - 0 0 0 3 166 990 - 12 6 - 22 40 

 DE - 133 445 6 0 0 0 0 23 473 1,080 147 - 30 107 218 501 

 FR 0 5 221 1 0 0 0 0 30 336 893 446 213 - - - 659 

 LU - - 13 0 - 0 0 0 6 107 126 - 6 - - - 6 

 NL - 11 588 3 0 0 0 0 - - 601 64 56 - - - 121 

 TOT 0 148 2,086 13 0 0 0 0 362 1,082 3,691 658 287 36 107 240 1,328 

SH BE - - 323 1 - 0 0 0 5 134 463 - 42 33 - 41 116 

 DE - 139 146 4 0 0 0 0 48 286 624 147 - 124 162 278 712 

 FR 59 4 45 2 0 0 0 0 127 360 596 321 593 - - - 914 

 LU - - 4 1 - 0 0 0 5 152 161 - 9 - - - 9 

 NL - 9 301 1 0 0 0 0 - - 311 114 146 - - - 260 

 TOT 59 152 820 8 0 0 0 0 186 931 2,155 582 789 157 162 320 2,010 



 
 
 

  Nuc. Coal CCGT OCGT ICE Solar W-on W-off Charge Disch. TOTAL BE DE FR LU NL TOTAL 

NO BE - - 438 37 - 0 0 0 49 1,003 1,527 - 0 0 - 0 0 

 DE - 1,120 4,361 115 1 0 0 0 669 4,889 11,155 0 - 0 0 0 0 

 FR 1,267 37 2,868 78 2 0 0 0 803 2,554 7,610 0 0 - - - 0 

 LU - - 9 1 - 0 0 0 8 51 70 - 0 - - - 0 

 NL - 125 1,942 118 0 0 0 0 - - 2,185 0 0 - - - 0 

 TOT 1,267 1,281 9,619 349 4 0 0 0 1,530 8,497 22,547 0 0 0 0 0 0 

EX BE - - 1,252 20 - 0 0 0 55 990 2,316 - 24 34 - 27 85 

 DE - 1,191 2,948 83 1 0 0 0 730 5,029 9,982 193 - 193 909 401 1,696 

 FR 1,184 47 1,778 70 1 0 0 0 542 3,437 7,058 530 248 - - - 778 

 LU - - 25 1 - 0 0 0 76 876 978 - 1 - - - 1 

 NL - 127 2,028 58 0 0 0 0 - - 2,214 151 249 - - - 400 

 TOT 1,184 1,364 8,031 231 3 0 0 0 1,403 10,331 22,547 873 523 226 909 428 2,960 

SH BE - - 545 6 - 0 0 0 52 957 1,560 - 134 131 - 94 358 

 DE - 713 1,209 36 0 0 0 0 635 4,974 7,557 510 - 1,050 678 992 3,230 

 FR 1,019 12 627 41 1 0 0 0 282 1,991 3,974 723 2,454 - - - 3,177 

 LU - - 10 0 - 0 0 0 24 605 640 - 7 - - - 7 

 NL - 81 1,213 25 0 0 0 0 - - 1,319 327 805 - - - 1,132 

 TOT 1,019 806 3,604 98 2 0 0 0 994 8,527 15,050 1,560 3,400 1,181 678 1,085 7,904 

Table C.3: Average use of capacity [MW] for all technologies and all interconnections for the day-ahead scheduling of upward manual FRR 
(calculated as annual sum of energy divided by 8760 hours). For the interconnections, columns are export and rows are import; 

“NO”: uncoordinated scenario, “EX”: exchange scenario, “SH”: sharing scenario, “TOT”: total (per country/technology/interconnection) 
“Nuc.”: nuclear, “W-on”: onshore wind, “W-off”: offshore wind, “Disch.”: discharge capacity of storage units 

 



 

 

  

Figure C.1: Load duration curves [MW] for total day-ahead scheduling (energy + BC, “T”) and energy scheduling (“E”); 
“NO”: uncoordinated scenario, “EX”: exchange scenario, “SH”: sharing scenario 
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