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a b s t r a c t 

The establishment of a single European day-ahead market has accomplished the integration of the re- 

gional day-ahead markets. However, reserve provision and activation remain an exclusive responsibility 

of regional operators. This limited spatial coordination and the separated structure hinder the efficient 

utilization of flexible generation and transmission, since their capacities have to be ex-ante allocated be- 

tween energy and reserves. To promote reserve exchange, recent work proposed a preemptive model 

that withdraws a portion of the inter-area transmission capacity available from day-ahead energy for re- 

serves by minimizing the expected system cost. This decision-support tool, formulated as a stochastic 

bilevel program, respects the current architecture but does not suggest area-specific costs that guarantee 

sufficient benefits for areas to accept the solution. To this end, we formulate a preemptive model in a 

framework that allows application of game theory methods to obtain a stable benefit allocation, i.e., an 

outcome immune to coalitional deviations ensuring willingness of areas to coordinate. We show that ben- 

efit allocation mechanisms can be formulated either at the day-ahead or the real-time stages, in order to 

distribute the expected or the scenario-specific benefits, respectively. For both games, the proposed ben- 

efits achieve minimal stability violation, while allowing for a tractable computation with limited queries 

to the bilevel program. Our case studies, based on an illustrative and a more realistic test case, compare 

our method with well-studied benefit allocations, namely, the Shapley value and nucleolus, and analyze 

the factors that drive these allocations (e.g., flexibility, network structure, wind correlations). We show 

that our method performs better in stability and tractability. 

© 2022 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The existing market architectures and the predominant models 

or system balancing were designed in a time when fully control- 

able generators with nonnegligible marginal costs were prevalent. 

owever, as the increasing shares of variable and partly predictable 

enewable resources displace controllable generation, the dispatch 

exibility decreases, while the operational uncertainty characteris- 

ics become increasingly complex. In light of this new operational 

aradigm, there is an imperative need to re-evaluate the current 
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arket design, and there has been a surge of interest in proposing 

ew market frameworks [3,11,17,59] . 

According to the European electricity market design, the bulk 

olume of energy trading takes place in the day-ahead market, 

hich is typically cleared 12–36 hours before the actual delivery, 

ased on single-valued point forecasts of the stochastic power out- 

ut of renewable resources. In turn, a balancing market is cleared 

lose to real-time operation in order to compensate any deviations 

rom the day-ahead schedule. Apart from these energy-only trad- 

ng floors, a reserve capacity auction is organized, usually prior 

o the day-ahead market, in order to ensure that sufficient capac- 

ty is set aside for the provision of balancing services. Following 

his sequential and separated clearing approach, the current mar- 

et structure attains only limited coordination between day-ahead 

nd balancing. Aiming to enhance this temporal coupling, re- 

ently proposed dispatch models employ stochastic programming 

n order to co-optimize the day-ahead and the reserve capacity 
under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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1 In most of these works from coalitional game theory literature, each player is 

captured by an ensemble of agents with potentially different interests. Similarly, in 

our case, the benefits will be allocated to the areas, and each area is an ensem- 

ble of market participants of the corresponding area including TSO, producers, and 

consumers. This game-theoretic framework ensures the institutional relevance of 

the overall problem. Even when the main actors involved in the decision-making of 

a reserve exchange are the TSOs, they are expected to seek the benefits of their ar- 

eas as a whole [5,39] , and they are checked by their relevant regulatory authorities 

regarding this aspect. Notice that the transmission capacity allocated to the reserve 

exchange affects the incentive structure of all these market participants. 
arkets [12,16,33,55,56,68,79,80] . However, these approaches can- 

ot be directly applied to the existing European electricity markets, 

ince they would require significant restructuring of the current 

eparated market frameworks. The main philosophy of this sepa- 

ated design has been to simplify trading arrangements aiming to 

mprove market transparency and liquidity. Following the EU tar- 

et model by the European Commission (EC), it is not expected 

hat such a co-optimization will be implemented in the European 

arket in the foreseeable future [7,24] . 

In terms of geographical considerations, the European electric- 

ty market is fully coordinated only at the day-ahead stage, while 

eserve capacity and balancing markets are still operated on a 

ountry/regional level [21] . However, the EC regulation has already 

stablished a detailed guideline [25] that lays out the rules also 

or the integration of the balancing markets in order to improve 

he security of supply and the efficiency of the balancing system. 

n this ongoing process that is expected to be completed by 2023 

31] , several questions remain open regarding the specific structure 

nd final coordination arrangement among the ENTSO-E (European 

etwork of Transmission System Operators for Electricity) member 

ountries, since there is no binding legislation that enforces trans- 

ission system operators (TSOs) to enter such collaborations. The 

ecent study in [24] to investigate the benefits of different orga- 

izational models for the integration of balancing markets, shows 

hat the 10-year net present value (NPV) of coordinated balancing 

anges from 1,7 to 3,8 B €, depending on the degree of coordination 

n the inter-area exchanges, see also [60] . Nonetheless, any regional 

oordination arrangement in the procurement and activation of re- 

erves depends upon the availability of inter-regional transmission 

apacity. Given that the energy and reserve capacity markets are 

leared sequentially, a portion of this transmission capacity made 

vailable to day-ahead energy market have to be withdrawn from 

ay-ahead energy market to be allocated to reserve exchange. The 

xact methodology for the process of allocating inter-area trans- 

ission capacity to reserves remains to be discussed and approved 

y the ENTSO-E members [32] [ 26 , (14)]. Moreover, an applica- 

ion can be filed by even two or more TSOs. In coalitional game 

heory, such arrangements would be called coalitional deviations, 

ince they involve only some of the members. Motivated by this, 

he goal of this paper is to propose a coalitional game-theoretic 

pproach for the design of a transmission allocation mechanism. In 

rder to gain technical and economical insights about such a pro- 

ess, we will analyze different factors such as flexibility, network 

tructure, and wind correlations. 

The reservation of inter-area interconnections for reserve ex- 

hange withdraws transmission resources from the day-ahead mar- 

et, where the main volume of electricity is being traded. Cur- 

ently, these cross-border capacities for the day-ahead market are 

ecided by the TSOs respecting the minimum remaining available 

argin (minRAM) rule of 70% following the requirements of the 

lean Energy Package [ 26 , Article 16(8a-8b)], see [ 28 , §2] for their

omputation. A sub-optimal reservation for reserves from these 

ay-ahead quantities may lead to significant efficiency losses at 

he day-ahead stage. To prevent this situation, the Agency for the 

ooperation of Energy Regulators (ACER) [2] mandates to perform 

etailed analyses demonstrating that such reservation from day- 

head market would increase overall social welfare. Up to this date, 

nter-area transmission capacity is typically not removed from day- 

head energy exchange for reserves. One notable exemption is the 

kagerrak interconnector between Western Denmark and Norway, 

n which 15% of the day-ahead cross-border transmission capacity 

s permanently set aside for reserve exchange [29] . Nevertheless, 

his allocation is static, while the true optimum varies dynamically 

epending on generation, load, and system uncertainties. As such, 

elikaraoglou and Pinson [20] developed a preemptive transmis- 

ion allocation model that defines the optimal inter-area transmis- 
2 
ion capacity allocation to improve both spatial and temporal co- 

rdination at the reserve procurement stage. 

The recently proposed preemptive transmission allocation 

odel of Delikaraoglou and Pinson [20] focuses on the minimiza- 

ion of the expected system cost, assuming implicitly full coordina- 

ion among the regional operators. This assumption is in line with 

he current state of the day-ahead market, which is fully integrated 

cross Europe, or even for the balancing markets in certain regions, 

.g., in the Nordic system all reserve activation offers are pooled 

nto a common merit-order list and are available to all TSOs [10] . 

his assumption allows us to model each of these three trading 

oors by one respective optimization problem, which would not be 

ossible in case of partial coordination. However, the initial ver- 

ion of the preemptive model does not suggest an area-specific 

ost allocation which guarantees that all areas have sufficient ben- 

fits to accept the proposed solution. This would be concerning for 

he fairness of the future integrated balancing markets. In partic- 

lar, the stakeholder document from the International Grid Con- 

rol Cooperation (IGCC) [39, §6] , developed by ten European oper- 

tors, describes analytically a fair settlement scheme for the sim- 

ler setting of imbalance netting process. Again for the imbalance 

etting problem, market stakeholders have already recognized that 

he generated financial benefits should be shared among the par- 

icipating TSOs in a way that every TSO and also its area (which 

ncludes producers, load serving entities, and the consumer base) 

enefit from the cooperation and have the incentive to continue 

heir participation [5] . Here, the benefits correspond to the reduc- 

ions in the total cost allocated to an area from all three stages of 

he sequential market, whereas the cost refers to minus the social 

elfare, which is given by the sum of the consumers’ and gen- 

rators’ surplus pertaining to that area and the congestion rents 

ollected by the corresponding area operator. These definitions of 

enefits and costs were established in Kristiansen et al. [49] for 

llocating benefits from new interconnections. 

To address this issue, we integrate the preemptive model in a 

athematical framework that allows the application of tools from 

oalitional game theory in order to obtain a stable benefit alloca- 

ion, i.e., sufficient benefits providing immunity to coalitional devi- 

tions ensuring that all areas are willing to coordinate via the pre- 

mptive model. The concepts from coalitional game theory have 

ecently been widely used in the energy community. The Shap- 

ey value has been employed in problems regarding the distribu- 

ion of social welfare among TSOs participating in an imbalance 

etting cooperation [5] as well as the benefit allocation in trans- 

ission network expansion [69] and in cross-border interconnec- 

ion development [49] . Other applications of the Shapley value in 

he energy field include cooperation problems in the Eurasian gas 

upply system [58] and the CO 2 emissions abatement in mainland 

hina [37] . However, the Shapley value is in general not within 

he core, i.e., the set of stable outcomes. Baeyens et al. [6] shared 

he expected profits from aggregating wind power generation us- 

ng the core benefit allocations, whereas a similar concept was ap- 

lied for prosumer cooperation in a combined heat and electric- 

ty system in [54] , and for cross-border transmission expansion in 

ortheast Asia in [14] . 1 
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In contrast to the case studies in the aforementioned works, 

ealistic instances of our problem can exhibit an empty core. To 

his end, we utilize the least-core as a solution concept, since it 

chieves minimal stability violation, i.e., minimal benefit improve- 

ents from coalitional deviations [53] . To obtain a unique out- 

ome, we propose the approximation of a fairness criterion, which 

s at the discretion of the regulatory authorities to define. We pro- 

ose two variations of the benefit allocation mechanism that can 

e executed either at the day-ahead or the real-time stage to dis- 

ribute the expected or the actual benefits (i.e., when the uncer- 

ainty is revealed), respectively. We illustrate how these two for- 

ulations assign either an uncertainty-dependent budget to the 

egulator/organizer of this reserve exchange and benefit allocation 

rganization, or an uncertainty-dependent benefit to each area par- 

icipating in reserve exchange. To overcome the exhaustive enu- 

eration of all coalitional deviations, we show that the least- 

ore selecting allocations in this work can be computed efficiently 

ia an iterative constraint generation algorithm. Similar algorithms 

ere utilized to compute an outcome from the core in combinato- 

ial auctions [19] and electricity markets [44] . In contrast, we show 

hat this algorithm can be extended to the least-core in a general 

on-convex (bilevel) problem, which was, to the best of our knowl- 

dge, not formalized previously. 

Our contributions are as follows. We formulate the coalition- 

ependent version of the preemptive transmission allocation 

odel such that we can consider coalitional arrangements be- 

ween only a subset of operators. This is a novel extension of the 

odel proposed by Delikaraoglou and Pinson [20] . We then study 

he coalitional game that treats the benefits as an ex-ante pro- 

ess with respect to the uncertainty realization and we provide 

 condition under which the core is nonempty. Under this condi- 

ion, it is possible to obtain a stable outcome. In case this condi- 

ion is not satisfied, we prove that the least-core, which is an out- 

ome that attains minimal stability violation, also ensures the in- 

ividual rationality property. These two results hold for coalitional 

ames where the coalitional value function is given by a stochas- 

ic bilevel optimization problem, and they could be of indepen- 

ent interest for studying similar problems in other domains. We 

hen propose the least-core selecting mechanism as a benefit allo- 

ation that achieves minimal stability violation, while enabling the 

pproximation of an additional fairness criterion. In order to im- 

lement this mechanism with only a few queries to the preemp- 

ive model, we formulate a constraint generation algorithm. This 

rocedure and its convergence for the least-core in our setting are 

ot discussed elsewhere. In addition, we formulate a variation of 

he coalitional game that allocates the benefits in an ex-post pro- 

ess, which can be applied only after the uncertainty realization 

s known. For this game, we provide conditions under which the 

ore is empty. We propose an ex-post version of our benefit allo- 

ation mechanism. The ex-ante and ex-post versions of this mech- 

nism can achieve the same fundamental properties for the areas 

ither for every uncertainty realization or in expectation, respec- 

ively. Finally, we provide techno-economic insights on the factors 

hat drive benefit allocations first with an illustrative three-area 

ine-node system and then with a more realistic case study based 

n a larger IEEE test system. 

The remainder of this paper is organized as follows. 

ection 2 describes the organizational structure and intro- 

uces a set of necessary assumptions to obtain tractable models. 

ection 3 discusses the issues related to reserve exchanges 

nd motivates the formulation of the preemptive transmission 

llocation model. Section 4 introduces necessary background 

rom coalitional game theory, whereas Section 5 focuses on the 

ames arising from the preemptive model, which provide the 

asis for the benefit allocation mechanisms that accomplish the 

mplicit coordination requirements outlined in the previous sec- 
3 
ion. The numerical case studies are presented in Section 6 and 

ection 7 concludes the paper and gives suggestions for future 

ork. Appendices are provided in the supplementary material, and 

an be downloaded from Omega. 

. Electricity market framework 

.1. Sequential and separated electricity market design and modeling 

ssumptions 

The existing market design based on the sequential and in- 

ependent clearing of reserves, day-ahead, and balancing mar- 

ets suffers from two main caveats that become increasingly pro- 

ounced as we move towards larger shares of renewable energy 

roduction. On the one hand, the day-ahead schedule is optimized 

ased on purely deterministic inputs, i.e., single-valued forecasts 

f renewables. As a result, the day-ahead market is not responsive 

o the uncertainty associated with the forecast errors and thus it 

s weakly coordinated with the real-time balancing. On the other 

and, the decoupling of energy and upward/downward reserve ca- 

acity trading into two independent auctions ignores the substitu- 

ion and complementary properties of these two services and leads 

o inefficient reserve procurement and energy schedules. Elimi- 

ating this issue requires that the participants are capable of ac- 

ounting for these properties internally in their trading strategies. 

owever, quantifying such opportunity costs is a challenging prob- 

em, see Swider and Weber [77] . This is a fundamental issue and 

n inherent suboptimality in the European market framework that 

merges from the separation of energy and reserve trading floors, 

s opposed to the co-optimization of these services in the US- 

arket types. The EU target models still maintain this separated 

esign architecture [7,24] . 

From a theoretical perspective, these two issues can be con- 

ained if reserve capacity procurement, day-ahead energy sched- 

les, and real-time re-dispatch actions are jointly optimized based 

n a probabilistic description of the uncertainty, see Morales et al. 

55] , Pritchard et al. [68] . However, the adoption of a stochas- 

ic dispatch model as a market-clearing algorithm requires signifi- 

ant restructuring of the current market framework, and poses sev- 

ral computational challenges when it is applied to real-life scale 

ower systems. Owing to restructuring and computational issues, 

e restrict ourselves to the status-quo market architecture and we 

mbody its design attributes in our methodology while aiming to 

itigate the resulting inefficiencies. In order to enable the inter- 

rea exchange of reserves towards a more efficient decoupled mar- 

et structure, the operator will need to withdraw a certain share of 

he interconnection capacities from the day-ahead energy trading 

nd then use this headroom for the interconnections in the reserve 

apacity market. 

In the following, we build the mathematical models of the dif- 

erent trading floors based on a set of assumptions that allows 

s to capture the main attributes of the European market, while 

aintaining tractability. In line with the current practice, we con- 

ider a zonal network representation during the reserve procure- 

ent, however, the full network topology is taken into account 

n the day-ahead and the balancing market-clearing models, us- 

ng a DC power flow approximation. Note that our network model 

an be readily adapted to a zonal day-ahead market, for instance, 

here the inter-zonal transmission energy flows are constrained 

y the available transfer capacity (ATC) or by a flow-based do- 

ain. The challenge would be additional complexity originating 

rom parameter choices for modelling the zonal day-ahead mar- 

et, as well as the unscheduled flows and congestion to be tackled 

y counter-trading or re-dispatching in the balancing stage. Using 

 full network representation, i.e., nodal pricing, both in the day- 

head and the balancing markets eliminates potential discrepan- 
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ies that may arise due to idiosyncratic congestion effects and al- 

ows us to concentrate on issues related to reserves exchange and 

ransmission capacity reservation. Moreover, for the flow-based do- 

ain, Marien et al. [52] show that the parameter choices can 

ead to very different market exchanges and prices. We also re- 

er to Solis [75] for numerical results illustrating this paradigm, 

nd to CREG [18] , EI and NVE [27] for discussions on this sen-

itivity. Since this work focuses on transmission allocation issues 

oncerning primarily the operators, we believe that allowing for 

 more complete network representation and judiciously abstract- 

ng certain details of the real-world operation do not undermine 

ur main goal, that is, the development of a decision-support tool 

hat provides techno-economical insights on reserves exchange and 

ransmission capacity allocation. As a remark, due to these rea- 

ons, many studies that focus on renewable integration and co- 

rdination analyses commonly ignore the zonal day-ahead market 

esign. Instead, they either assume a nodal market similar to our 

ork [21,50,51] , or they implement a simple transportation net- 

ork ignoring zonal congestion [45,76] . Nonetheless, for the sake 

f completeness, we will also provide a detailed zonal model when 

iscussing the day-ahead market. Our conclusions would still gen- 

ralize to such models, since our model is replicating the main im- 

erfections of the current design: the reaction of the market to its 

arametric decisions originating from the separate trading of en- 

rgy and reserves. 

On the generation side, we consider that all market partici- 

ants are perfectly competitive. Day-ahead energy offers are sub- 

itted in price-quantity pairs that internalize the marginal pro- 

uction cost as well as the unit commitment and inter-temporal 

onstraints, e.g., ramping limits, in accordance with the portfolio 

idding practice in the European market. For instance, the Nordic 

arket (NordPool) use primarily such a portfolio bidding princi- 

le according to which each market player submits one hourly of- 

er for its whole aggregated portfolio instead of a unit-specific of- 

er. In addition to single hour portfolio offers, market participants 

ay also be allowed to submit more complex offers (the so-called 

block orders’) that implicitly incorporate generator ramping lim- 

ts and multi-period cost structures related to on/off status of the 

nits. However, block orders are outside the scope of this paper. 

he interested reader is referred to Biskas et al. [9] for different 

ypes of block orders and their mathematical formulation. Hav- 

ng this assumption ensures computational tractability by remov- 

ng separate products that create non-convexities at the day-ahead 

tage. For similar modelling practices, we refer to Domínguez et al. 

21] , Poplavskaya and De Vries [67] . Regarding other implications 

f a day-ahead market that does not model non-convexities we 

iscussed above, we would like to refer to the literature on self- 

ommitment and self-scheduling practices. The former practice 

efers to the case where a participant fixes its unit commitment 

tatus outside the market problem, and the latter practice refers to 

he case where a participant fixes not only its unit commitment 

tatus but also its dispatch quantity outside the market problem. 

t is known that even a non-convex day-ahead market not mod- 

ling cost structure accurate enough (and/or with a horizon not 

ong enough) may incentivize a market participant with compli- 

ated cost structure to assume the risk of self-commitment or self- 

cheduling. Moreover, in the US market, it is observed that a signif- 

cant number of producers are self-committing or self-scheduling, 

hich is attributed additionally to the volatility of real-time prices 

nd to the fact that day-ahead market clearing relies only on ex- 

ected values with its deterministic formulation. However, such 

trategic decisions concerning participants are outside the scope of 

his paper. For these two aspects, we refer to the works of Pan and

uan [62] , Papavasiliou et al. [65] . Papavasiliou et al. [65] present 

 stochastic programming model for self-commitment under price 

olatility and risk aversion, where it is shown that less risk aver- 
4 
ion results in increased incentives for self-commitment. With re- 

ard to the self-scheduling approach, a stochastic optimal strategy 

f a producer is proposed by Pan and Guan [62] via a computation- 

lly efficient implementation of a scenario tree-based multistage 

tochastic program. 

We assume that the reserve capacity offer prices provide ade- 

uate incentives to the flexible generators for the provision of real- 

ime balancing services such that the prices of up and down re- 

ispatches are the same as the marginal prices in the day-ahead 

tage, similar to Ahmadi-Khatir et al. [4] . As a remark, if this as- 

umption is not stated, it could be that the bidders strategize and 

id differently in the real-time balancing market to make up for 

heir opportunity cost miscalculations at the reserve market stage. 

n any case, our model is general enough and can readily accept 

alancing offers with price premiums, i.e., up/down regulating of- 

er prices higher/lower than the day-ahead offer. This technicality 

ill not have any profound impact on our analysis. 

In terms of stochastic renewable in-feed, we focus on wind 

ower generation and we model forecast errors using a finite set 

f scenarios, see for instance Wang and Deng [78] . Assuming null 

roduction costs, the corresponding offer price and the spillage 

ost are set equal to zero. On the consumption side, we consider 

nelastic demand with a large penalty on lost load and thus the 

ocial welfare maximization becomes equivalent to the cost min- 

mization. Finally, we assume that the current implementation of 

he sequential market provides a budget balanced method to al- 

ocate the system cost to all the areas, i.e., the costs of the re- 

erve capacity market, the day-ahead market and the balancing 

arket are allocated to the areas without any deficit or surplus. 

n the numerics, for the case of no inter-area exchange of re- 

erves, we provide and discuss one such allocation method based 

n the zonal and nodal prices that assigns producer and consumer 

urpluses to their corresponding areas, and divides the conges- 

ion rent equally between the adjacent areas, see Kristiansen et al. 

49] and Section 6.1 . 

.2. Mathematical formulation 

.2.1. Reserve capacity market 

For all the models, notation is stated in Appendix A. Having as 

 fixed input the upward/downward reserve requirements RR + a /RR −a 
n each area a and a pre-defined share χe of the transmission ca- 

acity of each inter-area link e allocated to reserves, the reserve 

arket clearing is formulated as: 

inimize 
�R 

∑ 

i ∈ I 

(
C + 

i 
r + 

i 
+ C −

i 
r −

i 

)
(1a) 

ubject to 

∑ 

i ∈ M 

I 

a 

r + 
i 

+ 

∑ 

e ∈ E 

H (e, a ) r + e ≥ RR 

+ 
a , ∀ a ∈ A , (1b) 

∑ 

i ∈ M 

I 

a 

r −
i 

+ 

∑ 

e ∈ E 

H (e, a ) r −e ≥ RR 

−
a , ∀ a ∈ A , (1c) 

 ≤ r + 
i 

≤ R 

+ 
i 
, ∀ i ∈ I , 0 ≤ r −

i 
≤ R 

−
i 
, ∀ i ∈ I , (1d) 

− χe T e ≤ r + e ≤ χe T e , ∀ e ∈ E , −χe T e ≤ r −e ≤ χe T e , ∀ e ∈ E , (1e) 

here �R = { r + 
i 

, r −
i 

, ∀ i ; r + e , r 
−
e , ∀ e } is the set of optimization vari-

bles. The objective function (1a) to be minimized is the cost of 

eserve procurement. Constraints (1b) and (1c) ensure, respectively, 

hat the upward and downward reserve requirements of each area 

re satisfied either by procuring reserve capacity from intra-area 

enerators or via inter-area reserves exchange that is modeled us- 

ng the incidence matrix H (e, a ) . As shown in Appendix A, for
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ach link e with sending and receiving ends in areas a s (e ) and

 r (e ) , respectively, H (e, a ) is equal to 1 (-1) if reserve import (ex-

ort) is considered from (to) area a = a s (e ) ( a = a r (e ) ) and zero

or any other area. With this definition, availability of cross-border 

eserves within the neighboring areas for each area a is modeled 

y (1b) and (1c) . We underline that directed links are used as a

otational convention, and both r + e and r −e are free of sign. Upward 

nd downward capacity offers of dispatchable power plants are en- 

orced by constraints (1d) . In the numerics, these capacities will 

e chosen small enough (e.g., half total capacity) such that both 

pward and downward reserves can be procured from the power 

lants in a feasible manner. 

The set of constraints (1e) models the bounds on reserves ex- 

hange between two areas across link e . Following the current 

ractice, we consider a zonal network representation for the re- 

erve capacity markets and thus the transmission capacity T e of 

ink e is defined as the aggregated flow limit of all tie-lines � ∈
e across link e calculated as T e = 

∑ 

� ∈ �e 
T � , for all e ∈ E . Set-

ing the transmission capacity allocation χe to any value different 

han zero, establishes practically a reserve exchange mechanism 

etween the areas located at the two ends of the link and conse- 

uently it enables the exchange of balancing services during real- 

ime operation. On the contrary, setting χe = 0 implies that there 

ould be no reserve exchange at the procurement stage, i.e., the 

ross-border transmission capacity is fully allocated to day-ahead 

nergy exchanges. In that case, we also prevent the exchange of 

alancing services and the imbalance netting between the adjacent 

reas, as we will formally describe in the balancing market model 

ormulation below. 

.2.2. Day-ahead market 

Given the optimal reserve procurement ˆ �R = { ̂ r + 
i 

, ̂  r −
i 

, 

 i ; ˆ r + e , ̂  r −e , ∀ e } from the reserve capacity market, the day-ahead

chedule is the solution to the following optimization problem: 

inimize 
�D 

∑ 

i ∈ I 

C i p i (2a) 

ubject to 

∑ 

j∈ M 

J 

n 

w j + 

∑ 

i ∈ M 

I 

n 

p i −
∑ 

� ∈ L 

A �n f � = D n , ∀ n ∈ N , 

(2b) 

ˆ 
 

−
i 

≤ p i ≤ P i − ˆ r + 
i 
, ∀ i ∈ I , 0 ≤ w j ≤ W j , ∀ j ∈ J , (2c) 

f � = B � 

∑ 

n ∈ N 

A �n δn , ∀ � ∈ L , 

−(1 − χ� ) T � ≤ f � ≤ (1 − χ� ) T � , ∀ � ∈ L , 

(2d) 

1 = 0 , δn free , ∀ n ∈ N , (2e) 

here �D = { p i , ∀ i ; w j , ∀ j; δn , ∀ n ; f � , ∀ � } is the set of variables. De-

ne χ� = χe for all tie-lines � ∈ �e and χ� = 0 for all intra-area 

ines. For the remainder, we strictly follow this notation. The ob- 

ective is the day-ahead cost of energy production. Constraints 

2b) enforce the day-ahead power balance for each node. The up- 

er and lower production limits of dispatchable power plants are 

nforced by (2c) , taking into account the reserve schedule from 

he previous trading floor. Constraints (2c) also limit the stochas- 

ic production to a point forecast, typically the expected value of 

he stochastic process. Power flows are first computed in (2d) and 

hen restricted by the capacity limits considering that (1 − χ� ) per- 

ent of the capacity is available for day-ahead energy trade. This 

s because a χ� portion of the cross-border transmission resource 

ade available is withdrawn from day-ahead energy to instead be 
5 
llocated to reserves, following the regulations [32] . As previously 

iscussed, the current practice is in fact a zonal hybrid where the 

ows are constrained by the available transmission capacity or a 

ow-based domain. In the case of a zonal market, this could be a 

ortion of the cross-border transmission capacities computed for 

he day-ahead market respecting the minRAM rule of 70% in [ 26 , 

rticle 16(8a-8b)] [ 28 , §2]. (Note that the minRAM rule may also 

e applied after the reservation of a transmission share for re- 

erves exchange.) Our method can also be readily adapted to the 

onal scheme. We present in detail the integration of a zonal mar- 

et into our method in Appendix B. Finally, the voltage angle at 

ode 1 is fixed to zero in (2e) setting this as the reference node, 

hereas the remaining voltage angles are declared as free vari- 

bles. 

.2.3. Balancing market 

Being close to real-time operation uncertainty realization s ′ 
nd actual wind power production W js ′ , ∀ j ∈ J are known. Any 

nergy deviations from the optimal day-ahead schedule ˆ �D = 

 ̂  p i , ∀ i ; ˆ w j , ∀ j; ˆ δn , ∀ n ; ˆ f � , ∀ � } must be contained using proper re-

ispatch actions that respect the reserve procurement schedule 
ˆ 

R . To determine the re-dispatch actions that minimize the bal- 

ncing cost, the balancing market is cleared based on the following 

ptimization problem: 

inimize 
�s ′ 

B 

∑ 

i ∈ I 

C i 
(

p + 
is ′ − p −

is ′ 
)

+ 

∑ 

n ∈ N 

C sh l sh 
ns ′ (3a) 

subject to 

∑ 

i ∈ M 

I 

n 

(
p + 

is ′ − p −
is ′ 
)

+ l sh 
ns ′ + 

∑ 

j∈ M 

J 

n 

(
W js ′ − ˆ w j − w 

spill 
js ′ 

)

+ 

∑ 

� ∈ L 

AC 

A �n 

(
ˆ f � − f �s ′ 

)
= 0 , ∀ n ∈ N , (3b) 

 ≤ p + 
is ′ ≤ ˆ r + 

i 
, ∀ i ∈ I , 0 ≤ p −

is ′ ≤ ˆ r −
i 
, ∀ i ∈ I , (3c) 

 ≤ l sh 
ns ′ ≤ D n , ∀ n ∈ N , 0 ≤ w 

spill 
js ′ ≤ W js ′ , ∀ j ∈ J , (3d) 

f �s ′ = B � 

∑ 

n ∈ N 

A �n δns ′ , ∀ � ∈ L , −T � ≤ f �s ′ ≤ T � , ∀ � ∈ L , (3e) 

f �s ′ = 

ˆ f � , ∀ � ∈ ∪ e ∈ E 

−(χ ) �e , δ1 s ′ = 0 , δns ′ free , ∀ n ∈ N , 

(3f) 

here �s ′ 
B 

= { p + 
is ′ , p 

−
is ′ , ∀ i ; w 

spill 

js ′ , ∀ j; l sh 
ns ′ , δns ′ , ∀ n ; f �s ′ , ∀ � } is the set of

ariables. The objective is the cost of re-dispatch actions, i.e., re- 

erve activation and load shedding. Up and down re-dispatch ac- 

ions have the same cost as their day-ahead energy market coun- 

erpart, under the assumption that the reserve market price is 

nough to compensate for the opportunity cost from withdrawing 

apacity from the day-ahead stage, see Section 2.1 . Equality con- 

traints (3b) ensure that all the nodes remain in balance after the 

e-dispatch of generation and any necessary wind power curtail- 

ent or load shedding. Constraints (3c) ensure that upward and 

ownward reserve deployment respects the corresponding pro- 

ured quantities. The upper bounds on load shedding and power 

pillage are set equal to the nodal demand and the realized wind 

ower production by constraints (3d) . 

Real-time power flows are first modeled and then restricted 

y the transmission capacity limits in (3e) . Constraints (3f) , where 

 

−(χ ) = { e ∈ E | χe = 0 } denotes the set of inter-area links with no

xisting cross-border agreement across them, ensure that if χe = 0 , 

his link and the connected areas do not participate in the reserve 

xchange and in the imbalance netting processes. In the existing 

arket (with a zonal day-ahead market), the balance responsible 
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Fig. 1. Expected operation cost as a function of transmission capacity allocated to 

inter-area reserves trading under different levels of wind power penetration (in 

MW). 
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2 This methodology can either be implemented by an implicit auction solving a 

centralized optimization problem, or by an explicit auction where each area can 

submit its own valuation to a market organizer establishing a new trading floor as 

in [42] . Our mechanism corresponds to an implicit auction, see the discussions in 

Section 3.3 . 
arties are entitled to maintain their scheduled day-ahead net po- 

itions in the real-time market [30] , [ 23 , Article 17]. Since our day-

head market is modeled by a nodal market and 

ˆ f � are already 

ell-defined, we translate this regulation as preventing any reserve 

haring or imbalance netting during real-time operation across any 

ine within link e if χe = 0 (in other words the real-time flows on

he tie lines are fixed to their day-ahead values). For similar re- 

uirements, see Elia et al. [28 , §2.3], Solis [75 , §4.A.7]. In order to

ailor our model even more to the European market idiosyncrasies, 

ppendix B provides zonal day-ahead market models, and it ex- 

lains how we can represent the links and areas that are not par- 

icipating in cross-border exchange in balancing market stage (for 

nstance, by maintaining only the net positions of areas/zones). We 

ould like to highlight that it is straightforward to handle such 

onstraints also in the zonal setting. Finally, node 1 is again the 

eference node. 

. Transmission capacity allocations for cross-border balancing 

.1. Coordination schemes and transmission allocation arrangements 

or cross-border trading 

The transition to an integrated balancing market requires sev- 

ral organizational changes to the prevailing operational model, in 

hich reserves are procured and deployed on an intra-area basis. 

 prerequisite for the establishment of a well-functioning balanc- 

ng framework is the standardization of the rules and products as 

ell as the definition of transparent mechanisms that will facilitate 

he cooperation among the TSOs [38] . Below, we outline the main 

oordination schemes and transmission allocation arrangements as 

efined in the current European regulation [25] . 

Inter-area reserve procurement can be organized as a reserve 

xchange scheme and/or as a reserve sharing agreement. Imple- 

enting the former scheme, regional TSOs can procure balanc- 

ng capacity resources located in adjacent areas in order to meet 

heir own area reserve requirements. Since the reserve require- 

ents of each area remain unchanged, this coordination setup re- 

uires limited organizational changes, as it basically reallocates the 

eserve quantities towards areas with lower procurement costs. To 

mprove also the dimensioning efficiency of the procurement pro- 

ess, a reserve sharing agreement allows a TSO to use available re- 

erve capacity from adjacent TSOs. An implied prerequisite for this 

rrangement would be that the definition of regional reserve re- 

uirements is performed jointly by all TSOs that participate in the 

haring agreement. In terms of coordination during reserves acti- 

ation, the main organizational setups are the so-called imbalance 

etting and exchange of balancing energy. The first setup pertains 

o the inter-area exchange of imbalances with opposite sign, thus 

reventing the counteracting activation of balancing resources and 

educing the total balancing energy volumes. In turn, the exchange 

f balancing energy enables the system-wide least-cost activation 

f reserves through a common merit-order list to meet the net im- 

alance of the joint TSO area. This improves the supply efficiency 

f balancing energy, at the expense of more extensive coordination 

equirements. 

The establishment of any cross-border reserve procurement 

cheme requires the reservation of a certain share of the inter-area 

ransmission capacity from the day-ahead market for the reserves 

nd their activation EC [26, (14)] . Such a reservation increases the 

ost of the day-ahead market, but in return decreases the costs 

or the reserve market and the balancing market. Before we de- 

cribe the attributes of any specific transmission allocation mech- 

nism, let us provide an illustrative example for the resulting total 

ost from all three stages. This example highlights the seams is- 

ues pertaining to the ex-ante definition of transmission allocation 

etween two neighboring areas. Fig. 1 shows the expected system 
6 
ost, i.e., the sum of reserve procurement, day-ahead energy and 

xpected balancing costs, as a function of the share of transmis- 

ion capacity χ that is allocated to inter-area reserves trading. The 

ata for this two-area power system is provided in Appendix C, 

nd the models are those that were discussed in the previous sec- 

ion. We can observe that the efficiency of an integrated market, 

n terms of expected system cost defined above, is highly suscep- 

ible to the portion χ of transmission capacity removed from the 

ay-ahead market. Moreover, its optimal value minimizing the cost 

hanges significantly under different levels of wind power pene- 

rations. Even from this simple example, it becomes apparent that 

here exists an optimal allocation to be made, which however may 

ynamically vary depending on generation, load and system un- 

ertainties. This in turn asks for a systematic method to optimally 

efine χ , accounting for the market dynamics and the uncertainty 

nvolved in the operation of the power system. 

In this work, we focus on the prevailing methodology for the al- 

ocation of cross-border transmission capacity from day-ahead en- 

rgy to reserves. According to this methodology, a share of inter- 

rea transmission capacity is expected to be set aside from day- 

head energy for reserves based on the comparison of the market 

alue of cross-zonal capacity for the exchange of balancing capacity 

r sharing of reserves and the market value of cross-zonal capacity 

or the exchange of day-ahead energy. 2 This methodology can at- 

ain a reasonable allocation efficiency while having practical appli- 

ability within the current framework, albeit it still incurs the in- 

erent drawbacks of the sequential and separated market structure 

egarding the deterministic view of uncertainty and the separation 

f energy and reserve services. We refer the interested reader to EC 

25] for discussions on alternative transmission allocation mecha- 

isms. 

.2. Preemptive transmission allocation model 

In this section, we first describe the preemptive transmission 

llocation model that was initially proposed in Delikaraoglou and 

inson [20] . This work, however, defines the preemptive model in 

 more general framework, which allows us to consider coalitional 

eviations and in turn define the necessary benefits that support 

he solution proposed by the preemptive model. The motivation for 

onsidering coalitional deviations originates from the Clean Energy 

ackage regulation which states that an application for a method- 
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Fig. 2. Schematic representation of preemptive transmission allocation model. 
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logy of allocating cross-border capacity to reserves can be filed by 

ven two neighboring operators [26, (14)] . 

The preemptive transmission allocation model can be perceived 

s a decision-support tool, which aims at defining the optimal 

hares of transmission capacity for inter-area trading of energy and 

eserves. Being fully aligned with the existing sequential market 

tructure, the preemptive model is essentially a transmission allo- 

ation process that is performed prior to the reserve capacity and 

ay-ahead energy market clearings to find the optimal transmis- 

ion allocations { ̂  χe , ∀ e } that minimize the expected system cost, 

ee Fig. 2 . 3 

In this work, the focus is on the establishment of coalitional 

greements at the reserve procurement stage among a set of ar- 

as C ⊆ A . In the balancing market, we assume that all areas 

hat participate in the coalition, exchange balancing energy in a 

erfectly coordinated setup. As a result, real-time tie-line flows 

re treated as free variables, allowing for deviations from the 

ay-ahead schedule. The coalition-dependent preemptive model is 

iven by: 

(C ) = minimize 
�PR 

∑ 

i ∈ I 

(
C + 

i 
r + 

i 
+ C −

i 
r −

i 

)
+ 

∑ 

i ∈ I 

C i p i 

+ 

∑ 

s ∈ S 

πs 

[ ∑ 

i ∈ I 

C i 
(

p + 
is 

− p −
is 

)
+ 

∑ 

n ∈ N 

C sh l sh 
ns 

] 
(4a) 

ubject to 0 ≤ χ ′ 
e ≤ 1 , ∀ e ∈ E C 

, (4b) 

χ ′ 
e = χe , ∀ e ∈ E \ E C 

, (4c) 

Constraints (3b) − (3e) and δ1 s = 0 , δns free , ∀ n ∈ N , ∀ s ∈ S , 

(4d) 

f �s = f � , ∀ � ∈ ∪ e ∈ E 

−(χ, C ) �e , ∀ s ∈ S , (4e) 

(
r + 

i 
, r −

i 
, 

r + e , r 
−
e 

)
∈ arg 

{ 
minimize 

�R 

(1 a ) subject to constraints (1b) - (1e) 
} 
, 

(4f) 

(
p i , w j , 

δn , f � 

)
∈ arg 

{ 
minimize 

�D 

(2 a ) subject to constraints (2b) - (2e) 
} 
,

(4g) 

here �PR = { χ ′ 
e , ∀ e ∪ �R ∪ �D ∪ �s 

B 
, ∀ s } is the set of primal opti-

ization variables. For the sake of brevity, the Lagrange multipli- 

rs of the lower-level optimization problems are omitted here, but 

he complete set of Karush-Kuhn-Tucker (KKT) conditions of prob- 

ems (1) and (2) are listed in Appendix D. Unless stated otherwise, 
3 It is worth mentioning that the coordinated reserve exchange would require a 

ransfer of some responsibilities to European bodies, even though some TSOs might 

e hesitant to assign some of their autonomy to a central authority. 

t

f

f

p

7

he preemptive model refers to problem (4) associated with J(A ) 

nd the corresponding optimal transmission allocation is denoted 

y { ̂  χe , ∀ e } . 
Model (4) is a stochastic optimization problem, since wind 

ower is described by a finite set of scenarios S , with W js be-

ng the realization of stochastic generation of farm j in scenario 

 and πs the corresponding probability. The objective is the ex- 

ected system cost according to the sequential structure described 

n Section 2.2 . Constraint (4b) bounds the share of transmission 

apacity χ ′ 
e ∈ [0 , 1] E allocated to reserve exchange for links e ∈ 

 C 

, where E C 

= { e | H (e, a ) = 0 , ∀ a ∈ A \ C } is the set of links

mong only the areas in the coalition C . The transmission ca- 

acity of the remaining links e ∈ E \ E C 

, i.e., links that are con-

ected to areas that are not members of coalition C , is fixed ac-

ording to existing cross-border agreements χe ∈ [0 , 1] E in (4c) . 

onstraints (4d) ensure feasibility of re-dispatch actions for each 

cenario, whereas constraint (4e) restricts the real-time tie-line 

ows to the respective day-ahead values, for links e ∈ E −(χ, C ) =
 e ∈ E | χe = 0 , and ∃ a ∈ A \ C such that H (e, a ) � = 0 } , which is

he set of links that are, at least on one end, connected to an 

rea that is not in the coalition C and does not have an existing 

ross-border agreement for reserves exchange, i.e., χe = 0 . In other 

ords, constraint (4e) prevents any imbalance netting or exchange 

f balancing energy between areas that are not members of coali- 

ion C . We kindly refer to Appendix B for explanations on how 

e can represent such constraints when the day-ahead market is 

onal (for instance, by maintaining net positions of zones). Con- 

traints (4e) are removed from problem (4) associated with J(A ) , 

ince E (χ, A ) = ∅ for any χ . 

The lower-level problems (4f) and (4g) are identical to mod- 

ls (1) and (2) implementing the shares of transmission capac- 

ties in χ ′ . Having this bilevel model (4) ensures by construc- 

ion that the reserve capacity, day-ahead and balancing markets 

re cleared in consecutive and independent auctions. This struc- 

ure allows the definition of { ̂  χe , ∀ e } anticipating the impact of 

hese parameters in all subsequent trading floors. From a com- 

utational perspective, to obtain a solvable instance of the model 

4) , we can equivalently replace the lower-level problems (4f) and 

4g) by the KKT conditions, given that (4f) and (4g) are linear pro- 

rams. The resulting problem is a single-level mathematical pro- 

ram with equilibrium constraints (MPEC) that involves the com- 

lementary slackness constraints, which can be transformed into a 

ixed-integer linear program (MILP) using disjunctive constraints. 

e refer to Appendix D for the KKT conditions of (1) and (2) . 

Regarding the structure of the bilevel model (4) , in contrast 

o the reserve capacity and the day-ahead markets, the balancing 

arket is modeled in the upper-level by the last term of the ob- 

ective (4a) and constraints (4d) - (4e) . The proposed structure lever- 

ges the fact that the variables of the balancing market in (3) do 

ot enforce any restriction on the upper-level variables { χ ′ 
e , ∀ e } 

nd also they do not impact the lower-level problems (4f) and (4g) . 

ollowing this observation, our formulation reduces the computa- 

ional complexity of the final MILP, since it avoids the integer re- 

ormulation of the balancing market complementarity conditions 

or each scenario. We provided a mathematical explanation in Ap- 

endix D. For relevant applications of bilevel programming, kindly 
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5 In practice, the scenario set is inevitably an approximation to the real world. 

There are various results showing asymptotic guarantees for convex optimization as 

long as the scenario set is rich enough [8] 
6 If the preemptive model is used and all market stages are cleared with their 

new unit prices given by the new Lagrange multipliers, then we can obtain cost re- 
efer to Grimm et al. [35] , Morales et al. [57] , Pineda and Morales

66] , Soares et al. [74] . 

Having defined the main properties of the preemptive model, 

he following comments are in order. Define the sum of the 

osts (1a) , (2a) and (3a) , as J s 
′ 
(∅ ) and J s 

′ 
(A ) , when χe , ∀ e are

xed to the existing cross-border arrangements and to the optimal 

 ̂  χe , ∀ e } from the preemptive model, respectively. From an eco- 

omic intuition, it follows that the preemptive model reduces the 

otal expected cost since the establishment of broader coalitions 

nlarges the pool of available reserves and balancing resources, and 

nables the more efficient allocation of available generation ca- 

acity between these services. This can be mathematically stated 

s J(A ) = E s [ J 
s (A )] ≤ J(∅ ) = E s [ J 

s (∅ )] , where E s [ ·] is the expecta-

ion calculated over the scenario set S . Using a similar reason- 

ng, it follows that J is a nonincreasing function with respect to 

he number of areas participating in the coalition, i.e., J(C ) ≤ J( ˆ C ) 

or all ˆ C ⊆ C . (Note that the preemptive model does not guaran- 

ee J s (C ) ≤ J s ( ˆ C ) , ∀ 

ˆ C ⊆ C for each scenario independently.) It be-

omes apparent that the implementation of the preemptive model 

esults in a different system cost than the one under the current 

equential market. Next, we discuss cost allocation in this new se- 

uential market. 

.3. Cost allocation for the preemptive model 

The preemptive model (4) implements a centralized transmis- 

ion allocation mechanism, under the implicit assumption that 

ll areas are willing to accept the { ̂  χe , ∀ e } solution that by con-

truction minimizes the system-wide expected cost. However, this 

odel does not suggest an area-specific cost allocation that guar- 

ntees sufficient benefits for all areas to remain in the grand coali- 

ion A . 4 The task of setting the transmission shares and allocat- 

ng the resulting costs could be accomplished through establish- 

ng a new market, cleared before the reserve market, in which re- 

ional operators would place their bids/offers for the reservation 

f inter-area transmission capacities, akin to the decision variable 

f the preemptive model, { χ ′ 
e , ∀ e } . This new market would con-

titute an ideal benchmark of the market-based allocation process 

escribed in EC [25] , implementing a complete market for trans- 

ission allocations in which capacities would be traded based on 

ids/offers that reflect the valuations from regional operators [42] . 

n this work, we follow an alternative path to promote the forma- 

ion of stable coalitions for the exchange of reserves. Our approach 

uilds an ex-post benefit allocation mechanism on top of the pre- 

mptive model, aiming to realize the necessary conditions that ac- 

omplish the coordination requirements of this model, without any 

ew marketplace. In the remainder, we outline the concepts re- 

ated to benefit allocations for the preemptive model and we dis- 

uss the desirable properties that we want to achieve. 

Let J s a (∅ ) denote the cost allocated to area a in scenario s in

he existing sequential market. As previously discussed, the current 

mplementation of the sequential market provides a cost alloca- 

ion method that satisfies budget balance under every scenario, i.e., 

 

s (∅ ) = 

∑ 

a ∈ A 

J s a (∅ ) . The implementation of the preemptive model

equires a new method to allocate costs to the areas that partic- 

pate in this arrangement. This task can equivalently be viewed 

s allocating benefits based on the change in the total cost as a 

iscount or a mark-up on the original cost allocation of each area 

efined by J s a (∅ ) . While choosing these benefits, our main goal is

o ensure that all areas in A are willing to use the preemptive

odel as a decision-support tool, since otherwise some areas may 
4 As it is introduced earlier, benefits are the change in total operational cost allo- 

ated to a particular area after all three market stages are cleared. The operational 

ost is equivalent to minus the social welfare (with inelastic demand) and thus it is 

easonable to define positive benefits as the reduction of the total operational cost. 

c

g

a

i

t

8 
pt for having their own reserve exchange agreement following EC 

26 , (14)]. In addition, we should aim to form coalitions as large 

s possible in order to achieve the highest reduction in the ex- 

ected system cost. To achieve these, we will treat the preemp- 

ive model as a coalitional game, which allows us to approach the 

enefit allocation problem in two ways. First, we can allocate the 

xpected cost reduction, J(∅ ) − J(A ) ≥ 0 , to all areas as benefits.

llocating benefits this way achieves budget balance in expecta- 

ion, which implies that there is no deficit or surplus if the pre- 

mptive model is used repeatedly and the uncertainty modeling is 

ccurate enough. 5 However, this method does not guarantee that 

he resulting allocation satisfies budget balance in every scenario, 

hus requiring a large financial reserve to buffer the fluctuations in 

he budget in case of surplus or deficit for some realizations. The 

econd approach is to allocate the scenario-specific cost variation, 

 

s (∅ ) − J s (A ) . This would guarantee budget balance for every sce-

ario. However, the participating areas would collect benefits that 

ary under scenarios, possibly raising risk considerations. 

As a remark, the benefit allocation framework studied in this 

aper defines these monetary quantities on an area level. They 

rovide each area with an idealized total cost allocation, which 

ould be minus the sum of three terms, that is, the consumers’ 

nd generators’ surplus pertaining to that area and the congestion 

ents collected by the corresponding area operator. We highlight 

hat the methods proposed in this paper do not readily define the 

ayment rules for the new sequential market such that these ide- 

lized total cost allocations (or the total available surpluses) are 

istributed on a market participant level. However, it is possible to 

rovide a guarantee on the cost recovery property of market par- 

icipants. Later in our work, by picking nonnegative benefits, we 

n fact guarantee that the available surplus for each area increases. 

his implies that it is possible to define payment rules to achieve 

ost recovery, moreover, it is also possible to improve each gen- 

rator’s and consumer’s surplus compared to their values in the 

xisting sequential market. 6 

. Coalitional game theory framework 

A coalitional game is defined by a set of players and the so- 

alled coalitional value function, that maps from the subsets of 

layers to the values, i.e., the total benefits created by these play- 

rs. In the preemptive model, the set of players are given by the 

et of areas A 

7 , whereas the coalitional value function v : 2 A → R

an be defined either as the expected cost reduction achieved, 

.e., v̄ (C ) = J(∅ ) − J(C ) , for all C ⊆ A or based on the resulting

hange in the cost of the realized scenario s ∈ S , i.e., v s (C ) =
 

s (∅ ) − J s (C ) , for all C ⊆ A . Clearly, it holds that v̄ (C ) = E s [ v s (C )] .

ater, we will see that these functions yield different structures for 

he game. In the remainder of this section, we study a generic v 
or the preemptive model satisfying v (C ) = 0 , for all | C | ≤ 1 . This

ssumption holds since coordination is not possible in the preemp- 

ive model without the participation of at least two adjacent areas. 

Given the coalitional value function v , a benefit allocation mech- 

nism defines the benefit received by each area a ∈ A with βa (v ) ∈
 . The cost allocated to area a under the preemptive transmission 
overy on a market participant level. However, such an approach cannot provide any 

uarantees on an area level at all. Defining side payments to ensure that the cost 

llocation of each area is close what is suggested by the benefit allocation methods 

s part of our ongoing work. 
7 Areas as a whole (country or region) includes consumers and generators per- 

aining to that area and area operators (and potentially the transmission owners). 



O. Karaca et al. Omega 113 (2022) 102711 

a  

D

o

e

w

s  

t  

l  

a

t  

h

s

i

b

e

�  

c

f

r

e

b

fi  

v  

c

t  

h

l

i  

s  

s

T

b

t

w

e

m

a

t

t

n

o

 

p

s  

{  

d

d

b  

c

c

c

m  

f

c  

v  

K

c

r

a

a

m

e

p

A

c  

a  

r  

t

i

o

p

r

b

w

d

t

t

p

f

c

t

a

a

p

p

t

n

t

g

q

e

l

t

m

4

β  

e

d

T

u

n

a

t

T

l

n

t

t

t  

F

c

a

q  
llocation model would then be given by J s a (A ) = J s a (∅ ) − βa (v ) .
epending on its sign, the benefit can be considered as a discount 

r a mark-up on the original cost allocation. When designing ben- 

fit allocation mechanisms, there are three fundamental properties 

e want to guarantee, namely, efficiency, individual rationality, and 

tability. A benefit allocation β(v ) = { βa (v ) } a ∈ A 

∈ R 

A is efficient if

he whole value created by the grand coalition, i.e., C = A , is al-

ocated to the member-areas, i.e., 
∑ 

a ∈ A 

βa (v ) = v (A ) . 8 A benefit

llocation ensures individual rationality if all areas obtain nonnega- 

ive benefits, i.e., βa (v ) ≥ 0 , for all a ∈ A . If this property does not

old, the coordination arrangement would yield increased costs for 

ome areas. As a result, these areas may decide not to participate 

n the preemptive model. Finally, a benefit allocation attains sta- 

ility (in other words, group rationality) if it eliminates the ben- 

fit improvements of the areas from forming sub-coalitions, i.e., 

 C ⊂ A such that v (C ) > 

∑ 

a ∈ C 

βa (v ) . This last property is cru-

ial for the preemptive model, since otherwise some areas may opt 

or having their own reserve exchange agreement by excluding the 

emaining areas. This coincides with our aforementioned goal of 

nsuring that all areas participate in the preemptive model. 

In coalitional game theory, these properties are known to 

e attained if the benefit allocation lies in the core de- 

ned as β(v ) ∈ K Core (v ) , where K Core (v ) = { β ∈ R 

A | ∑ 

a ∈ A 

βa =
 (A ) , 

∑ 

a ∈ C 

βa ≥ v (C ) , ∀ C ⊂ A } . In this definition, the equality

onstraint ensures efficiency, while inequality constraints guaran- 

ee stability, i.e., there is no subset of areas C ⊂ A that can yield

igher total benefits for its members compared to the benefit al- 

ocation under the grand coalition. The inequality constraints also 

nclude βa (v ) ≥ v (a ) = 0 for all a ∈ A . (For the sake of simplicity,

ingleton sets are denoted by a instead of { a } . ) This restriction en-

ures individual rationality. 

The core is a closed polytope involving 2 | A | linear constraints. 

his polytope is nonempty if and only if the coalitional game is 

alanced [71] . Such settings include the cases in which the coali- 

ional value function exhibits supermodularity 9 and the cases in 

hich the coalitional value function can be modeled by a concave 

xchange economy [73] or a linear production game [61] . In their 

ost general form, the coalitional value functions in these works 

re given by an optimization problem minimizing a convex objec- 

ive subject to linear constraints. In the problem at hand, coali- 

ional value functions are associated with solutions to the general 

on-convex optimization problem (4) . As a result, previous works 

n the nonemptiness of the core are not applicable to our setup. 

In case the core is empty, we need to devise a method to ap-

roximate a core allocation. To this end, we bring in the notion of 

trong ε-core, defined in Shapley and Shubik [72] as K Core (v , ε) =
 β ∈ R 

A | ∑ 

a ∈ A 

βa = v (A ) , 
∑ 

a ∈ C 

βa ≥ v (C ) − ε, ∀ C ⊂ A } . This

efinition can be interpreted as follows. If organizing a coalitional 

eviation entails an additional cost of ε ∈ R , coalition values would 

e given by v (C ) − ε for all C � = A . Then, the resulting core would

orrespond to the strong ε-core. For ε = 0 , we retrieve the original 

ore definition, i.e., K Core (v , 0) = K Core (v ) . 
Let ε∗(v ) be the critical value of ε such that the strong ε- 

ore is nonempty, which is mathematically defined as ε∗(v ) = 

in { ε | K Core (v , ε) � = ∅} . The value ε∗(v ) is guaranteed to be finite

or any function v and the set K Core (v , ε∗(v )) is called the least- 

ore [53] . Let the excess of a coalition be defined by θ (v , β, C ) =
 (C ) − ∑ 

a ∈ C 

βa , for any nonempty C ⊂ A . In other words, the set

 (v , ε∗(v )) is the set of all efficient benefit allocations mini- 
Core 

8 In coalitional games, efficiency is also often referred to as budget balance. For 

larity, we use efficiency for the benefit allocation, and the term budget balance is 

eserved for the cost allocation. 
9 Supermodularity is attained if for any set the participation of an area results in 

 larger value increment when compared to the subsets of the set under consider- 

tion, i.e., v (C ∪ { a } ) − v (C ) ≥ v (C 

′ ∪ { a } ) − v (C 

′ ) , ∀ a / ∈ C , C 

′ ⊂ C ⊆ A . 
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e
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K  

f

9

izing the maximum excess. If the core is empty, the maximum 

xcess is the maximum violation of a stability constraint. This im- 

lies that the least-core achieves an approximate stability property. 

s a remark, the least-core relaxes also the inequality constraints 

orresponding to singleton sets βa ≥ v (a ) − ε∗(v ) = −ε∗(v ) for all

 ∈ A since ε∗(v ) > 0 , and hence it yields approximate individual

ationality. Finally, if the core is not empty, we have ε∗(v ) ≤ 0 and

he least-core is a subset of the core. 

With the discussion above, we conclude that whenever the core 

s empty, we can use the least-core to achieve the second best 

utcome available, i.e., a benefit allocation which is efficient, ap- 

roximately individually rational and approximately stable. If in a 

ealistic instance of our problem the core turns out to be empty, 

y definition this implies that there is no approach/allocation that 

ould ensure that cooperation of all areas is a stable outcome. Un- 

er this impossibility result, cooperation of this grand coalition has 

o be enforced by a regulator, as grand coalition gives us the largest 

otal improvement in social welfare. Towards this goal, least-core 

resents a reasonable compromise for the different areas to not 

orm subcoalitions. Observe that there are generally many points to 

hoose from the least-core (or the core if it is nonempty) achieving 

he same fundamental properties. In this case, it could be desir- 

ble to require additional intuitively acceptable properties to pick 

 unique benefit allocation. Later, we revisit this idea in our pro- 

osed methods. 

Apart from the aforementioned fundamental properties that 

ertain to the economic side of the problem, computational 

ractability is also a practical concern, considering that we may 

eed the complete list of coalition values v (C ) for all C ⊆ A 

o fully describe the core and the least-core. For the coalitional 

ames arising from the preemptive model, each coalition value re- 

uires another solution to MILP in (4) , which is NP-hard in gen- 

ral. Hence, our goal is to find a core or a least-core benefit al- 

ocation that can be computed with limited queries to the coali- 

ional value function. Next, we briefly review two benefit allocation 

echanisms that are widely used in the literature. 

.1. Shapley value 

The benefit assigned by the Shapley value is given by 
Shapley 
a (v ) = 

∑ 

C⊆A 

(| C |−1)!(| A |−| C | )! 
| A | ! (v (C ) − v (C \ a )) . This ben-

fit is the average of the marginal contribution of the area a un- 

er all coalitions, considering also all possible orderings of areas. 

he Shapley value results in an efficient benefit allocation. Individ- 

al rationality is also satisfied if the coalitional value function is 

ondecreasing, since the marginal contributions would be nonneg- 

tive. On the other hand, the Shapley value is guaranteed to lie in 

he core only when the coalitional value function is supermodular. 

his is a restrictive condition that is not applicable to our prob- 

em. In addition, when the core is empty, the Shapley value does 

ot necessarily lie in the least-core, making it incompatible with 

he fundamental properties we desire [53] . In terms of the compu- 

ational performance, the calculation of the Shapley value requires 

he exhaustive enumeration of coalition values v (C ) for all C ⊆ A .

inally, it should be noted that the Shapley value is the unique effi- 

ient benefit allocation that satisfies dummy player, symmetry, and 

dditivity properties simultaneously. Dummy player property re- 

uires βa = 0 for all a for which v (C ) − v (C \ a ) = 0 for all C ⊆ A .

n other words, an area incapable of contributing to any coalition C 

nds up with zero benefits. Next, we show the relation between 

he previously discussed properties and the dummy player prop- 

rty. 

roposition 1. (i) if a ′ satisfies v (A ) − v (A \ a ′ ) = 0 , then

 Core (v ) ⊂ { β | βa ′ = 0 } , (ii) if a ′ satisfies v (C ) − v (C \ a ′ ) = 0

or all C ⊆ A , then K Core (v , ε∗(v )) ⊂ { β | βa ′ = 0 } . 
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10 This allocation coincides with the Vickrey-Clarke-Groves mechanism [48] . In an 

auction, this allocation ensures that truthfully reporting the preferences is a domi- 

nant strategy Nash equilibrium. 
This proposition provides a missing link in the comparisons of 

he Shapley value, the core, and the least-core in a generic coali- 

ional game. This result shows that the core attains a more restric- 

ive version of the dummy player property, i.e., an area incapable 

f contributing to the set A ends up with zero benefits. Finally, the 

east-core attains the dummy player property in the same way that 

t is defined for the Shapley value. The proof and the discussions 

n symmetry and additivity are relegated to Appendix E. 

.2. Nucleolus allocation 

Among all efficient benefit allocations, the nucleolus allocation 

s the unique benefit allocation that minimizes the excesses of all 

oalitions in a lexicographic manner [70] . Nucleolus allocation lies 

n the least-core and hence attains the desirable economic proper- 

ies. In terms of practical implementation, the lexicographic mini- 

ization is computationally demanding in the general case. Nucle- 

lus allocation can be computed by solving a sequence of O(| A | )
inear programs with constraint sets that are parametrized versions 

f the core K Core (v ) , see [34,47] . However, each linear program re-

uires the complete list of coalition values. In case the coalition 

alues are given implicitly by the objective value of a single linear 

ptimization problem with constraints depending on the partici- 

ants of the coalition, the work by Hallefjord et al. [36] proposes 

sing constraint generation algorithms. In this approach, O(| A | ) 
inear programs are solved by O(| A | ) constraint generation al- 

orithms that iteratively generates coalitional values on demand. 

evertheless, we may still need to generate all possible coali- 

ion values [36,46] . When the number of areas is large, this ap- 

roach involving the execution of the constraint generation algo- 

ithm O(| A | ) times becomes computationally prohibitive for our 

pplication. For the sake of completeness, Appendix F provides the 

athematical definition for the nucleolus allocation and its com- 

arison with the Shapley value. 

. Benefit allocation mechanisms for preemptive transmission 

llocation 

In this section, the first benefit allocation mechanism, which is 

n ex-ante process with respect to the uncertainty realization, em- 

loys as coalitional value function the expected cost reduction. The 

econd mechanism is an ex-post process that can be applied only 

hen the scenario is unveiled, since it uses as coalitional value 

unction the scenario-specific cost variation. 

.1. Benefit allocations for expected cost reduction 

For the ex-ante allocation mechanism, the coalitional value 

unction v̄ (C ) = J(∅ ) − J(C ) ≥ 0 for all C ⊆ A is nondecreasing,

ince J is nonincreasing. Given the function v̄ , an efficient benefit 

llocation, 
∑ 

a ∈ A 

βa ( ̄v ) = v̄ (A ) , would result in a cost allocation 

hat is budget balanced in expectation, since J(A ) = J(∅ ) − v̄ (A ) =
 s 

[∑ 

a ∈ A 

J s a (∅ ) 
]

− ∑ 

a ∈ A 

βa ( ̄v ) = E s 

[∑ 

a ∈ A 

J s a (A ) 
]
. While design-

ng a benefit allocation mechanism, our goal is to achieve the three 

undamental properties, i.e., efficiency, individual rationality and 

tability, associated with the core K Core ( ̄v ) . However, as already 

entioned, the previous results on the nonemptiness of the core 

re not applicable to our problem. The following condition is ap- 

licable to some specialized instances of v̄ above. 

roposition 2. K Core ( ̄v ) is nonempty if there exists an area a ′ ∈ A 

uch that v̄ (A \ a ′ ) = 0 . 

The proof is relegated to Appendix G. Note that this condition 

an only be attained in specialized instances of the preemptive 

odel. For instance, in the case of a star graph (A , E ) , the central
10 
rea would satisfy this condition, since it is indispensable for en- 

bling any reserve exchange. However, in a general graph, the core 

ould potentially be empty and we focus on this case in the illus- 

rative example provided in Section 6.1.3 . In case of an empty core, 

ur goal is to achieve a least-core solution, which can be perceived 

s the second best outcome in our context. Other than approximat- 

ng the stability property, the least-core also approximates the in- 

ividual rationality property by relaxing the inequality constraints 

or singleton sets, i.e., βa ≥ v̄ (a ) − ε∗( ̄v ) = −ε∗( ̄v ) for all a ∈ A . The

ollowing proposition shows that the least-core is individually ra- 

ional for v̄ . 

roposition 3. K Core ( ̄v , ε∗( ̄v )) lies in R 

A + . 

The proof is relegated to Appendix H. It relies on the obser- 

ation that whenever the coalitional value function is given by a 

tochastic bilevel program any least-core allocation violating the 

ndividual rationality would imply the existence of an ε < ε∗, such 

hat K Core ( ̄v , ε) is nonempty, contradicting the definition of the 

east-core. Thus, we can use the least-core to achieve efficiency, 

ndividual rationality and approximate stability, whenever the core 

s empty. 

For this coalitional game, the Shapley value satisfies efficiency 

nd individual rationality, but stability (or approximate stability) 

nd computational tractability are not attained. We provide an ex- 

mple for stability violation in Section 6.1.1 . The nucleolus alloca- 

ion, on the other hand, lies in the least-core and it satisfies ef- 

ciency, individual rationality and approximate stability (but with 

o tractability). Based on these discussions, we propose a least- 

ore selecting mechanism: 

inimize 
ε, β

ε subject to ε ≥ 0 , β ∈ K Core ( ̄v , ε) . (5) 

et ˆ ε denote the optimal value of ε for this problem. If the core 

s empty, we have ˆ ε = ε∗( ̄v ) > 0 and problem (5) finds a least-

ore allocation. On the other hand, if the core is nonempty, we 

ave ˆ ε = 0 and problem (5) finds instead a core benefit alloca- 

ion, which attains properties of efficiency, individual rationality 

nd stability. The nucleolus allocation always forms an optimal so- 

ution pair with ˆ ε to problem (5) , since it lies in the least-core. 

n fact, there are in general many optimal solutions to this prob- 

em. To this end, we will propose an additional criterion for tie- 

reaking. 

Let βc be a desirable and a fair benefit allocation that is easy 

o compute but not necessarily in the core or in the least-core. 

n example could be the marginal contribution of each area βm : 
m 

a = v̄ (A ) − v̄ (A \ a ) for all a ∈ A which requires | A | + 2 calls to

roblem (4) . Receiving the marginal contribution can be regarded 

s a fair outcome. 10 This allocation satisfies individual rational- 

ty, dummy player and symmetry properties. However, it is gener- 

lly not efficient, see Krishna [48] , and not stable, see Karaca and 

amgarpour [43] . Another example could be βeq = ( ̄v (A ) / | A | ) 1 � 
hich assigns equal importance to each area. This choice requires 

wo calls to problem (4) and it satisfies efficiency and individual 

ationality. However, this allocation also violates stability. 

Starting from such a desirable benefit allocation, we can solve 

he following problem 

inimize 
β

|| β − βc || 2 2 subject to β ∈ K Core ( ̄v , ̂  ε) , (6) 

o obtain a unique benefit allocation for problem (5) . The unique- 

ess follows from having a strictly convex objective. Let ˆ β( ̄v , βc ) 

enote the optimal value of β in problem (6) . We define the ben- 

fit allocation 

ˆ β( ̄v , βc ) as the least-core selecting mechanism . This 
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llocation achieves economic properties of the least-core, and also 

he core if the core is nonempty, while approximating an addi- 

ional criterion defined by βc . For instance, if the marginal con- 

ribution βm is chosen, problem (6) would pick the allocation 

ˆ ( ̄v , βm ) approximating the fairness of the marginal contribution. 

Characterizing the constraint sets of problems (5) and (6) still 

equires exponentially many solutions to (4) . We show 

hat (5) and (6) can be solved by a single constraint generation 

lgorithm, achieving computational tractability. As we discussed in 

he introduction, this formulation and its convergence are novel 

o our work. Previous works analyzed it only for computing an 

utcome from the core. Since the main goal of our paper is to 

rovide techno-economic insights, we relegated these derivations 

o Appendix I. 

.2. Benefit allocations per scenario 

Allocating benefits for the expected cost reduction does not 

uarantee that the resulting cost allocation satisfies budget balance 

n every scenario. Having a surplus or a deficit might be undesir- 

ble, since this may necessitate a large financial reserve to buffer 

he fluctuations. To address this issue, here we focus on the allo- 

ation of the the scenario-specific cost variation, J s (∅ ) − J s (A ) . The

oalitional value function in this case is given by v s (C ) = J s (∅ ) −
 

s (C ) , for all C ⊂ A . Observe that the set function v s is not neces-

arily nondecreasing, while it can also map to negative reals, since 

he preemptive transmission allocation model does not guarantee 

hat J s (C ) ≤ J s (∅ ) holds. Given the function v s , an efficient bene-

t allocation mechanism, 
∑ 

a ∈ A 

βa (v s ) = v s (A ) , would result in a

ost allocation that is budget balanced in scenario s , since J s (A ) =
 

s (∅ ) − v s (A ) = 

∑ 

a ∈ A 

J s a (∅ ) −
∑ 

a ∈ A 

βa (v s ) = 

∑ 

a ∈ A 

J s a (A ) . 

Aiming at establishing a per-scenario benefit allocation, 

ur goal now is to achieve the properties of the scenario- 

pecific core K Core (v s ) . However, neither the previous results nor 

roposition 2 apply to this core definition to prove that it is 

onempty as it can be affirmed by the following result. 

roposition 4. K Core (v s ) is empty if there exists C ⊂ A such that 

 

s (A ) < v s (C ) . 

The proof is relegated to Appendix K and to the best of our 

nowledge, it was not studied before. In practice, the condition 

ould prevent the formation of the grand coalition A , as shown in 

he example of Section 6.1.1 . The coalition value v s (A ) being neg-

tive is a special case of Proposition 4 , since we would then have

 

s (A ) < v s (a ) = 0 for all a ∈ A . We see that it may not be realis-

ic to achieve all three fundamental properties, and we should in- 

tead aim for the least-core K Core (v s , ε∗(v s )) . Note that in this case

roposition 3 is not applicable and the least-core would instead 

chieve efficiency, approximate individual rationality, and approxi- 

ate stability. 

For the coalitional game arising from the function v s , the Shap- 

ey value satisfies efficiency, but individual rationality, stability, and 

omputational tractability are not attained. On the other hand, the 

ucleolus allocation provides a least-core allocation. Note that, in 

ontrast to the expected coalitional value function v̄ , the func- 

ion v s is not implicitly given by an optimization problem. Instead, 

t is an ex-post calculation from the sequential electricity market 

fter the uncertainty realization. As a result, the value function v s 
s not amenable to a constraint generation approach. Thus, we look 

t an alternative approach that can be computed in a computation- 

lly tractable manner. This approach will extend our results from 

ection 5.1 , showing that any efficient benefit allocation for the 

xpected cost reduction gives rise to an efficient scenario-specific 

enefit allocation that results in budget balance in every scenario. 

Let β( ̄v ) ∈ R 

A + be an efficient individually rational ben- 

fit allocation for the expected cost reduction, computed 
11 
rior to the uncertainty realization. We then define the fol- 

owing scenario-specific benefit allocation, β(v s , β( ̄v )) ∈ R 

A , 

a (v s , β( ̄v )) = 

βa ( ̄v ) 
v̄ (A ) 

v s (A ) , ∀ a ∈ A . The benefit βa (v s , β( ̄v ))
or each area a is computed based on an ex-post computation 

f v s (A ) for the specific uncertainty realization s . Given β( ̄v ) ,
his definition does not require any further solutions to the pre- 

mptive transmission allocation model or the sequential market. 

he term βa ( ̄v ) / ̄v (A ) ∈ [0 , 1] can be considered as a percentage 

hare of profits/losses depending on the sign of v s (A ) . (This 

lso holds for any other weighting from the | A | -simplex.) Notice 

hat since 
∑ 

a ∈ A 

βa (v s , β( ̄v )) = v s (A ) , the efficiency property

olds. Moreover, having E [ βa (v s , β( ̄v ))] = βa ( ̄v ) implies that the

cenario-specific benefit allocation β(v s , β( ̄v )) satisfies in expec- 

ation the other fundamental properties of the original benefit 

llocation β( ̄v ) . 
Given the above reasoning, we propose a scenario-specific least- 

ore selecting mechanism , which builds upon the least-core select- 

ng benefit allocation mechanism from problems (5) and (6) to de- 

ne β(v s , ˆ β( ̄v , βc )) ∈ R 

A according to the procedure above. We 

ave previously showed that the allocation 

ˆ β( ̄v , βc ) satisfies in- 

ividual rationality and approximate stability, while enabling a 

ractable computation via a constraint generation algorithm. In 

 similar vein, the scenario-specific version β(v s , ˆ β( ̄v , βc )) satis- 

es individual rationality and approximate stability in expectation, 

hile still enabling a tractable computation. We illustrate this ap- 

roach in Section 6 . As a remark, it is possible to use the Shapley

alue and the nucleolus allocation in a similar manner. The com- 

arisons of these mechanisms in the previous section would re- 

ain unchanged. A discussion on risk considerations and a method 

o handle out-of-sample computations are provided in Appendix L. 

. Numerical case studies 

.1. Illustrative three-area examples 

We describe a base model, which will be subject to sev- 

ral modifications in the system configuration and penetration of 

tochastic renewables to discuss the resulting changes in the bene- 

t allocations described in Sections 4 and 5 . We consider the nine- 

us system depicted in Fig. 3 which comprises three areas. The 

ntra-area transmission network consists of AC lines with capac- 

ty and reactance equal to 100 MW and 0.13 p.u., respectively. The 

our tie lines between areas 1 and 2, and between areas 2 and 3 

re AC lines with capacity of 20 MW, and reactance of 0.13 p.u. 

ach. 

The day-ahead price offers and the generation capacities of con- 

entional units are provided in Appendix M. Units i 1 , i 4 , and i 7 are

nflexible, i.e., these units cannot change their generation level dur- 

ng real-time operation, while all remaining units are flexible offer- 

ng half of their capacity for upward and downward reserves pro- 

ision at a cost equal to 10% of their day-ahead energy offer C. The

ost of load shedding C sh is equal to 10 0 0 € / MWh for the inelas-

ic electricity demands D 3 = 220 MW, D 6 = 190 MW, and D 9 = 220

W. In addition, there are three wind power plants, j 3 , j 6 , and

j 9 , with installed capacities 50, 80, and 50 MW, respectively. The 

tochastic wind power is modeled using two scenarios, s 1 and s 2 , 

isted in Appendix M with probability of occurrence 0.6 and 0.4, 

espectively. The expected wind power production W j for j 3 is 

qual to 42 MW, for j 6 is equal to 70.4 MW, and for j 9 is equal

o 42 MW. Wind power price offers and subsequently the wind 

ower spillage costs are considered to be zero. Following the pre- 

ailing approach in which regional capacity markets are cleared 

eparately, we set the percentage of transmission capacity allo- 

ated to reserves equal to χ = 0 . Reserve requirements are listed 

n Appendix M. 
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Fig. 3. Nine-node three-area interconnected power system. 

Table 1 

Comparison of market costs (in €). 

Model Existing Seq. Market Preemptive Model 

[ χe 1 , χe 2 ] [0 , 0] [0 , 0 . 0592] 

Reserve capacity cost 194 . 0 191 . 6 

Day-ahead cost 13 , 087 . 2 13 , 120 . 2 

Balancing cost in s 1 1 , 150 . 0 −410 . 7 

Balancing cost in s 2 9 , 750 . 0 431 . 5 

Total cost in s 1 14 , 431 . 2 12 , 901 . 2 

Total cost in s 2 23 , 031 . 2 13 , 743 . 4 

Table 2 

Cost allocation for each area in the existing sequential market (in €). 

Areas Area 1 Area 2 Area 3 

J s 1 a (∅ ) 4 , 348 . 4 9 , 853 . 8 229 . 0 

J s 2 a (∅ ) 16 , 348 . 4 3 , 453 . 8 3 , 229 . 0 
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Fig. 4. Benefit allocations for the three-area system (in €). 
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The market costs and transmission allocations resulting from 

he preemptive model are provided in Table 1 . The preemptive 

odel reallocated transmission resources from the day-ahead en- 

rgy trading to the reserve capacity trading, increasing the costs in 

he day-ahead market. This reallocation yields an expected system 

ost of 13 , 238 . 0 €, which translates to 25 . 9% reduction compared to

he cost of 17 , 871 . 2 € from the existing sequential market. Under 

he existing setup with χ = 0 , the uncertainty realization s 2 leads 

o significant load shedding in the balancing stage. In this scenario, 

ven though we have enough reserve capacity, we are not able to 

eploy it due to network congestion. This problem is avoided by 

nabling reserve exchange when the preemptive model is imple- 

ented. Quantities assigned to each generator at all trading floors 

re provided in Appendix N. 

We now provide a budget balanced cost allocation method for 

he existing sequential market. For this method, we assume that all 

hree trading floors are cleared by marginal pricing mechanisms 

zonal prices for the reserve capacities, nodal prices for the day- 

head and balancing energy services), albeit, similar methods can 

e applied also to other payment mechanisms. This method as- 

igns producer and consumer surpluses, and congestion rents of 

he intra-area lines to their corresponding areas, and divides the 

ongestion rents of the tie lines equally between the adjacent ar- 

as, see [49] . Budget balance holds since the market cost is given 

y the opposite of the sum of producer and consumer surpluses, 

nd congestion rent for each trading floor. These values are sum- 

arized in Appendix N. We refer to Table 2 for the resulting cost 

llocations. Area 1 is allocated a large cost in scenario s 2 because 

f the load shedding in node 3. 

.1.1. Comparison of the different benefit allocations 

Benefit allocation mechanisms for the expected cost reduction 

re provided in Fig. 4 . The core is nonempty since area 2 satisfies
12 
he veto condition in Proposition 2 . Marginal contribution benefit 

llocation βm is not in the core since it is not efficient. We provide 

his allocation since it can be regarded as a fair outcome. Observe 

hat the marginal contributions of areas 1 and 2 are larger than 

hat of area 3. This is because area 1 has low cost generators and 

rea 2 is indispensable for any coordination considering that in the 

urrent network configuration, in which areas 1 and 3 are not di- 

ectly interconnected, area 2 has to act as an intermediary for any 

eserves exchange. 

The Shapley value βShapley is not in the core. Among the 

ore constraints, combining 
∑ 

a ∈ A 

βa = v (A ) with 

∑ 

a ∈ A \ ̂ a βa ≥
 (A \ ˆ a ) implies that β ˆ a ≤ βm 

ˆ a 
= v (A ) − v (A \ ˆ a ) , or equivalently,

o area can receive more than its marginal contribution in the 

ore. This condition is violated for the Shapley value assigned 

o area 3. The coalitional value function is also not supermod- 

lar, since v̄ ({ 1 , 2 , 3 } ) − v̄ ({ 1 , 2 } ) �≥ v̄ ({ 2 , 3 } ) − v̄ ({ 2 } ) ⇒ 4 , 633 . 1 −
 , 460 . 5 �≥ 826 . 8 − 0 . On the other hand, the nucleolus βNuc is in

he core, however, the lexicographic minimization results in allo- 

ating benefits to area 3. We later see that there is a core alloca- 

ion that better approximates the marginal contribution in terms 

f minimizing the Euclidean distance by allocating no benefits 

o area 3. 

Finally, we employ our approach approximating two different 

riteria, i.e., marginal contribution and equal shares, with corre- 

ponding allocations being denoted as ˆ β( ̄v , βm ) and 

ˆ β( ̄v , βeq ) , re-

pectively. These two outcomes are different from each other, and 

hey approximate their respective fairness consideration in an ef- 

ective manner. This criterion should be decided either by the reg- 

lator or it should be based on the consensus of participating ar- 

as. In the following, we will approximate the marginal contribu- 

ion, since similar discussions can be made for any other criteria. 

Next, we study the budget balance per scenario for the 

ost allocation in the preemptive model. For all efficient ben- 

fit allocations of the expected cost reduction, i.e., all meth- 

ds except the marginal contribution allocation, the budget 
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Fig. 5. Benefit allocations after connecting areas 1 and 3 (in €). 
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Fig. 6. Benefit allocations in case the core is empty (in €). 
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Table 3 

Comparison of market costs (in €). 

Model Existing Seq. Market Preemptive Model 

χ = [ χe 1 , . . . , χe 7 ] [0 , 0 , 0 , 0 , 0 , 0 , 0] [0 , 0 . 359 , 0 , 0 . 038 , 0 , 0 , 0] 

Reserve capacity cost 2 , 392 . 5 2 , 389 . 4 

Day-ahead cost 90 , 734 . 2 90 , 733 . 3 

Expected balancing cost −3 , 430 . 3 −5 , 527 . 9 

Expected cost 89 , 696 . 4 87 , 594 . 8 
 

a ∈ A 

J s a (A ) − J s (A ) remains unchanged. In scenario s 1 , there 

s a deficit of 3 , 103 . 1 €, whereas in scenario s 2 there is a

urplus of 4 , 654 . 7 €, thus budget balance is obtained in ex- 

ectation. In the coalitional game arising from the scenario- 

pecific cost variation, despite that K Core ( ̄v ) is nonempty, the core 

 Core (v s 1 ) is empty, since the condition in Proposition 4 is sat- 

sfied by v s 1 ({ 1 , 2 } ) = J s 1 (∅ ) − J s 1 ({ 1 , 2 } ) > J s 1 (∅ ) − J s 1 ({ 1 , 2 , 3 } ) =
 

s 1 ({ 1 , 2 , 3 } )⇒14 , 431 . 2 − 12 , 884 . 6 > 14 , 431 . 2 − 12 , 901 . 2 . For sce-

ario s 2 , this condition is not satisfied and K Core (v s 2 ) is nonempty,

ince the coalitional game is supermodular. 

To address the budget balance, we now employ the proposed 

cenario-specific least-core selecting mechanism. The scenario- 

pecific allocations generated by ˆ β( ̄v , βm ) for the expected cost 

eduction are given by β(v s 1 , ˆ β( ̄v , βm )) = [628 . 5 , 901 . 5 , 0] � and

(v s 2 , ˆ β( ̄v , βm )) = [3 , 815 . 2 , 5 , 472 . 6 , 0] � . These allocations result

n a budget balanced cost allocation under both scenarios, since 

hey sum up to the scenario-specific cost variations in Table 1 . In 

ppendix O, we provide an out-of-sample example. In the remain- 

er, we focus our efforts on the game arising from the expected 

ost reduction, since we can always map the benefit allocations to 

he scenario-specific case using our proposed approach. 

In our numerics, all problems are solved with GUROBI 7.5 called 

hrough MATLAB on a computer equipped with 32 GB RAM and a 

.0 GHz Intel i7 processor. The computational comparison for the 

hree benefit allocation mechanisms for the expected cost reduc- 

ion can be summarized as follows. The Shapley value is computed 

n 39.6 seconds, whereas the nucleolus is computed in 41.3 sec- 

nds. On the other hand, the least-core allocations for marginal 

ontribution and equal shares are computed in 6.3 and 6.7 sec- 

nds, respectively. Following our previous discussions, the compu- 

ation time difference between our methods and the others will be 

ven more significant when there are more areas. Because of this 

eason, the computational methods will be studied and discussed 

n detail for the larger realistic case study. 

.1.2. Impact of the uncertainties on benefit allocations 

Here, we aim to assess the impact of the spatial correlation 

f the wind power forecast errors on the outcome of the differ- 

nt benefit allocation mechanisms that we consider in this work. 

n order to eliminate the impact of the network topology (cf. Ap- 

endix P), we connect areas 1 and 3 via two AC lines. The first 

onnects nodes 1 and 8, and the second connects nodes 3 and 9, 

ach with transmission capacity of 20 MW, and reactance of 0.13 

.u. The area graph is not a star anymore, and Proposition 2 is not

pplicable. However, we verified that the core is still nonempty. 

The resulting benefit allocations for the expected cost reduc- 

ion are provided in Fig. 5 , which shows that areas 1 and 2 re-

eive most of the benefit under every allocation mechanism. This 

utcome can be explained considering that these areas have com- 

lementary wind power production scenarios, i.e., the correspond- 
13 
ng wind power scenarios exhibit negative correlation. Moreover, 

rea 1 has low cost generation. Finally, notice that the total ben- 

fits are greater than the ones from the example in Section 6.1.1 . 

his follows since compared to Section 6.1.1 expected system cost 

s increased by 4 9% ( 26 , 6 87 . 9 €) in the existing sequential market

ue to additional network dependencies, whereas this cost is de- 

reased by 0.01% ( 13 , 161 . 0 €) in the preemptive model. 

.1.3. Benefit allocations in the case of an empty core 

A natural question that arises in the context of this work is 

ow the different benefit allocation mechanisms perform when 

e have an empty core, which can occur when the condition in 

roposition 2 is not satisfied. To this end, we modify the exam- 

le in Section 6.1.2 by changing the wind scenarios. The stochastic 

ind power generation is modeled using two scenarios, s 1 and s 2 
ith probability of occurance 0.8 and 0.2. We have 1 and 0.8 for 

j 3 , 0.4 and 1 for j 6 , 0.4 and 1 for j 9 as the percentages of the

ominal values of the plants, respectively. Hence, the correspond- 

ng expected wind power productions for j 3 is equal to 48 MW, for 

j 6 is equal to 41.6 MW, and for j 9 is equal to 26 MW. The reserve

equirements are recomputed accordingly. Since the uncertainty is 

ignificantly increased, we allow the units i 1 , i 4 , and i 7 to be flexi-

le in order to ensure feasibility. 

The resulting benefit allocations for the expected cost reduc- 

ion are provided in Fig. 6 . We observe that the nucleolus and 

he least-core selecting benefit allocation coincide. For both alloca- 

ions, the maximum violation of a stability constraint is given by 
∗ = 924 . 9 €, where ε∗( ̄v ) = min { ε | K Core ( ̄v , ε) � = ∅} . On the other

and, the maximum stability violation for the Shapley value is 

 , 752 . 0 €. In other words, if the Shapley value is utilized, there are

 times the profits to be made by not participating in the preemp- 

ive model compared to the case implementing a least-core alloca- 

ion. We see that all benefit allocation mechanisms allocated the 

ost benefits to area 1, since it has low cost generation and also 

ts wind profile complements the wind profiles of areas 2 and 3. 

.2. Case study based on the IEEE RTS 

We now consider a six-area power system that is based on the 

odernized version of the IEEE Reliability Test System (RTS) pre- 

ented in Pandzic et al. [63] . The definitions of the areas corre- 
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Table 4 

Expected cost allocation for each area in the existing sequential market (in €). 

Areas Area 1 Area 2 Area 3 Area 4 Area 5 Area 6 

E s [ J 
s 
a (∅ )] 8 , 966 . 1 25 , 252 . 6 10 , 085 . 2 10 , 208 . 2 25 , 151 . 1 10 , 033 . 2 

Fig. 7. Benefit allocations for the IEEE RTS case study (in €). 
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Fig. 8. The Pearson correlation coefficients for the wind profiles of all areas. 
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11 As an alternative, the iterative method in [36] would require running 15 sep- 

arate constraint generation algorithms, increasing significantly the computational 

time compared to the least-core selecting mechanism, since each algorithm run re- 

quires at least one iteration of constraint generation. 
pond to the ones proposed by Dvorkin et al. [22] and Jensen et al.

40] , and they are provided in Appendix Q. The nodal positions, 

ypes, generation capacities and offers from conventional and wind 

ower generators, and transmission line parameters are provided 

n Karaca et al. [41] . Due to their limited flexibility, nuclear, coal 

nd integrated gasification combined cycle (IGCC) units do not pro- 

ide any reserves. On the other hand, open and combined cycle gas 

urbines (OCGT and CCGT) offer 50% of their capacity for upward 

nd downward reserves at a cost equal to 20% of their day-ahead 

nergy offer. Wind power production is modeled using a set of 10 

quiprobable scenarios obtained from Bukhsh [13] . This scenario 

et is originally generated according to the methodology explained 

n Papaefthymiou and Pinson [64] , and it captures the spatial cor- 

elation of forecast errors over the different wind farm locations, 

ee also Fig. 8 and Karaca et al. [41] . In our case study, areas 2,

, and 5 are assumed to be close to each other, and hence the 

orresponding wind power production exhibits higher correlation. 

valuation of this aspect for different areas will be shown to be a 

seful predictor for the benefit allocation methods. The demand is 

nelastic with the cost of load shedding 1 , 0 0 0 € / MWh. In the ex-

sting sequential market, the percentage of transmission capacity 

llocated to reserves exchange is set to χ = 0 , while the reserve re-

uirements are calculated according to the methodology discussed 

n Section 6.1 . 

Table 3 compares the costs and transmission allocations result- 

ng from the existing market with χ = 0 and the preemptive model 

here χ is a decision variable. The preemptive model yields an ex- 

ected cost of 87 , 594 . 8 €, which translates to 2 . 3% reduction com-

ared to 89 , 696 . 4 € from the existing market. This can be explained

y 2 , 097 . 6 € reduction in the expected balancing cost obtained by 

liminating load shedding. Using the approach in Section 6.1 , we 

rovide the expected values for a budget balanced cost allocation 

or the existing sequential market in Table 4 . 

The results of the different benefit allocation mechanisms for 

he expected cost reduction are provided in Fig. 7 . We verified 

hat the core is nonempty by finding a core allocation even though 

he condition in Proposition 2 is not satisfied. Marginal contribu- 

ion benefit allocation is not in the core since it is not efficient, 

hereas the Shapley value is not in the core since areas 3, 5, 

nd 6 receive more than their marginal contributions. The nucleo- 

us and the least-core selecting benefit allocation mechanisms re- 

ult in core allocations. Notice that our approach provides a dif- 

erent benefit allocation depending on the criteria considered. The 
14 
ucleolus allocation is not consistent with the marginal contribu- 

ion allocation since it allocates more benefits to area 4 compared 

o area 1. All mechanisms allocated the most benefits to area 2, 

ince it has a central role by being well-connected in the area 

raph. On the other hand, areas 1 and 4 are also allocated a sig- 

ificant amount, since they are the two largest areas with wind 

rofiles complementing each other as it is shown in Fig. 8 . 

We now provide a discussion on the computational compari- 

on for the different benefit allocation mechanisms. The coalitions 

(∅ ) and J(A ) are precomputed to obtain v (A ) , in 19.4 and 35.4

econds, respectively. The calculation of the marginal contribution 

llocation, which involves solving the preemptive model (4) for 

oalitions { A \ { a }} a ∈ A 

, requires 119.7 seconds. The Shapley value

equires solving the preemptive model (4) for all coalitions except 

he singleton sets, the empty set, and the full set, i.e., 2 6 − 6 − 1 −
 = 58 coalitions, and the resulting computational time is 1 , 264 . 6

econds. The least-core selecting mechanism with the marginal 

ontribution criteria requires only a single iteration from the con- 

traint generation algorithm, which takes 84.8 seconds. This con- 

traint generation algorithm converges fast, since in this case the 

lgorithm starts with an initial family of coalitions ( F 

1 in Ap- 

endix I) given by the coalitions that were used to compute the 

arginal contribution allocation. On the other hand, the least-core 

electing mechanism with the equal shares criteria requires four 

terations from the constraint generation algorithm, which takes 

50.4 seconds. Notice that, in this case, the initial family of coali- 

ions is empty. Finally, using the method proposed in Fromen [34] , 

opelowitz [47] , the nucleolus is computed by solving 15 linear 

rograms sequentially to find 21 coalitional equality constraints 

hat fully describe the nucleolus allocation. However, this method 

cales exponentially with the number of areas considered in the 

pplication, since it needs the complete list of coalition values. 

his computation takes 1 , 266 . 2 seconds. In Appendix R, we pro- 

ide modifications to the IEEE RTS case study to evaluate impact 

f wind power penetration levels and available flexibility. 11 
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. Conclusion 

As a summary of our methodological contributions, we first for- 

ulated a coalition-dependent preemptive transmission allocation 

odel that defines the optimal inter-area transmission capacity al- 

ocation between energy and reserves for a given set of participat- 

ng areas. We then accompanied this model with benefit allocation 

echanisms such that all coalition members have sufficient bene- 

ts to accept the solution proposed. We formulated the coalitional 

ame both as an ex-ante and as an ex-post process with respect 

o the uncertainty realization and we showed that the former re- 

ults in budget balance in expectation, whereas the latter results in 

udget balance in every realization. Applying the prevailing bene- 

t allocations to a larger case study, we showed that they are un- 

ble to find a benefit allocation with minimal stability violation 

ithin a reasonable computational timeframe. To address this is- 

ue for both coalitional games, we proposed the least-core select- 

ng benefit allocation mechanism and we formulated an iterative 

onstraint generation algorithm for its efficient computation. Con- 

idering that this work aims to contribute to the ongoing discus- 

ion towards the design of the transmission allocation model, our 

enefit allocation mechanism can be adapted to different plausible 

airness criteria that may be imposed by the regulatory authorities, 

oving towards the full integration of the balancing markets. 

Following the previous detailed discussions, it becomes clear 

hat the European market regulators aim for the establishment of 

n integrated EU-wide reserve market, which will enable reserve 

xchanges across the European power system. However, since en- 

rgy and reserve capacity markets are cleared separately, there is 

 need to pre-allocate the available transmission capacity between 

nergy and reserve capacity auctions. Up to this date, the exact 

ethodology for allocating inter-area transmission capacity to re- 

erves is still subject to discussion and the final proposal will have 

o to be approved by the ENTSO-E members [32] [ 26 , (14)]. Aiming

o contribute to those ongoing regulatory and market design dis- 

ussions, our work used a decision-support/analysis tool to set op- 

imal transmission capacity allocations and based on it, proposed 

ifferent benefit allocation mechanisms. Our analysis and studies 

rovided valuable insights about the integration of European re- 

erves market and highlighted the implications for the integration 

f reserve markets in terms of social welfare for each individual 

rea. 

We now summarize several important learnings from these 

tudies in the following. First, we showed that transmission alloca- 

ion between energy and reserve products can impact significantly 

he overall social welfare, and thus it is imperative to understand 

he techno-economic factors that drive the benefit allocations of 

ach area, before splitting the available transmission capacity be- 

ween the two markets. To provide further insights, we showed 

hat the three major factors suggesting a larger benefit allocation 

re the amount of available flexible generation, connectivity level 

f the area in the network, and the negative correlation of uncer- 

ain generation with respect to the other areas. It should be noted 

hat concurrently to this work, some TSOs are discussing different 

ransmission allocation methodologies that can take advantage of 

ay-ahead energy market and reserve market bid information [1] . 

ompared to these discussions, the preemptive model under study 

ncludes also information on the real-time balancing market. In 

ontrast to our study, ACER [1] does not address the fair alloca- 

ion of benefits. Instead, it explicitly suggests that if a method is 

mplemented, by eighteen months after approval, all TSOs should 

ublish an impact assessment including their estimated costs and 

enefits for their areas resulting from the transmission allocation 

nd the reserve exchange. We believe that our proposed method- 

logy and the discussions we provide in this work can provide 
V

15 
arly insights on the potential results of this impact assessment 

nd will contribute to the ongoing discussions, until a final deci- 

ion is reached by the regulators and TSOs. 

There are definitely more challenges remaining to be answered 

o establish reserve exchanges in Europe. Major concern right now 

or the operators is the integration process itself (i.e., development 

f rules, processes, IT platforms). The European countries still have 

ery different and separate ancillary services markets, imbalance 

ricing systems, and reserve procurement mechanisms. Nonethe- 

ess, it is becoming more and more clear that the issues of bene- 

t allocation should be thoroughly studied in order to ensure the 

uccessful implementation of the integrated reserve market in the 

ong term and ensure that all agents (TSOs) are treated fairly. For 

nstance, Avramiotis-Falireas et al. [5] show that the issue of fair 

ettlements is currently under investigation for the simpler setting 

f imbalance netting by the Swiss TSO - Swissgrid. In the same 

ein, the stakeholder document from the IGCC project IGCC [39 , 

6], developed by ten European TSOs, describes analytically a set- 

lement scheme for the imbalance netting process that takes into 

ccount explicitly the aspect of fair distribution of the overall ben- 

fits for each IGCC member TSO, see also Contu et al. [15] . In this

egard, our studies point out that a fair distribution of overall ben- 

fits is relevant also when we go beyond the simple imbalance net- 

ing to reserve exchanges in Europe. 

Our future work on reserve exchanges will explore the develop- 

ent of decentralized schemes that enable the coordination of ar- 

as in terms of transmission allocations, while preserving privacy 

f the areas with minimal exchange of intra-area information. In 

he current setup of our approach, a single (‘centrally obtained’) 

cenario set is a prerequisite. However, going for a decentralized 

etup can enable us to study the case where each operator have 

ifferent scenario sets. We believe that modelling TSO’s imperfect 

nformation about the cross-border resources is an important ad- 

itional element in order to assess both technical and regulatory 

onsiderations. 

In terms of future work related to modelling, incorporating a 

on-convex lower level day-ahead market problem to the bilevel 

reemptive model could be valuable to understand the effect of 

omplex block bids. We are also interested in including constraints 

n the amount of cross-border reserves that can be procured, e.g., 

% of zonal reserve requirements should be procured from lo- 

al resources, and study the impact of these constraints on our 

pproach. Incorporating the potential congestion from zonal bal- 

ncing market modelling approaches into the preemptive model 

ould also be an interesting subject for further studies. Finally, as 

t was discussed in detail in Section 3.3 , our ongoing work is fo- 

used on benefit redistribution mechanisms for individual market 

articipants as an extension to the benefit allocation mechanisms 

or the areas including their operators and their market partici- 

ants as a whole. We are currently studying side payments to en- 

ure that, after a fair redistribution, the cost allocation of each area 

s close to what is suggested by the benefit allocation methods in 

his work. 
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