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A B S T R A C T
Local flexibility markets are becoming increasingly popular smart grid solutions. They connect customers whorequire flexible electricity supply and demand with local flexibility providers. However, the growing numberof diverse solutions has led to a proliferation of concepts, projects, and companies in this market, with thisdiversity making understanding and comparison difficult. To tackle this challenge, we propose a multi-layeredtaxonomy of local flexibility market solutions. This focuses on congestion management on the distributionside of this activity; a crucial service for distribution system operators. Our taxonomy utilizes the Smart GridArchitecture Model to describe these markets comprehensively. We employ an iterative taxonomy-buildingmethod, refining and evaluating it through insights from ongoing implementations and twenty-eight expertinterviews. Moreover, we present a complete instantiation of our taxonomy and offer a discussion with practicalrecommendations for practitioners in the local flexibility market landscape.
1. Introduction

The evolution to ‘‘smart grids’’ from traditional unidirectional andpassive power systems accentuates challenges like real-time powersystem’s balancing and congestion, especially with the proliferation ofdistributed energy resources (DERs) and sector electrification [1,2].These complexities, notably at the medium voltage (MV) and lowvoltage (LV) levels, require System Operators (SOs) traditionally resortto congestion management ancillary services that limit electrical powerexchange when line and transformer capacities are reached [3,4].As these services are often not sufficient, both Distribution SystemOperators (DSOs) and Transmission System Operators (TSOs) havebegun to explore alternatives, such as the use of sources of flexibility[5–7]. SOs can incorporate flexibility sources through non-market-based or market-based solutions [8]. However, certain jurisdictions(such as the European Union (EU)) prefer market-based solutions [9,10]. While various market-based solutions exist, LFMs emerge as asolution for leveraging sources of flexibility and providing services suchas congestion management to the SOs [11].With the burgeoning interest in local flexibility markets (LFMs) formanaging congestions and delivering local services, academic litera-ture in this domain has proliferated. Nevertheless, existing researchtends to focus in isolation on distinct facets of LFMs—ranging frommarket designs [11–13] and system architectures [14–16], to technicaloperations [17–19]. This fragmented approach complicates efforts to
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compare, select, and regulate such markets. Compounding the chal-lenge is the absence of a homogeneous vocabulary and an integratedperspective, which further exacerbates the complexity of understandingand implementing LFM solutions.To mitigate this fragmentation, lack of homogeneous vocabulary,and holistic view, we introduce a multi-layered taxonomy of LFMsfor congestion management focused on the distribution level. Ourtaxonomy builds on the Smart Grid Architecture Model (SGAM) as astructuring framework [20], and results from an iterative taxonomy-building process that incorporates insights from currently implementedLFM projects, as well as feedback from twenty-eight expert interviews.It is designed to enhance comprehension of both current and forthcom-ing LFMs solutions for congestion management, catering to academic,industrial, and regulatory stakeholders. This taxonomy not only refinesthe vocabulary for mutual understanding and fortifies the SGAM marketlayer with an intricate classification but also lays the groundworkfor subsequent research, such as typologies, ontologies, and archetypedesigns. Most importantly, it will aid the EU’s deployment of LFMsolutions by offering standardized definitions and consistent descriptiveclassification formats that can organize knowledge.The structure of this manuscript is as follows: Section 2 gives aliterature overview of LFMs. It includes the theoretical background, thedirection of regulatory change in the EU regarding the development
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of these solutions, and a review of the most prominent EU initiativeswith relation to LFM solutions. Section 3 outlines our research approachto create a multi-layered taxonomy for LFM focused on congestionmanagement at the distribution level. Section 4 presents the resultingtaxonomy, subdivided according to the SGAM interoperability layerstructure. Section 5 provides a complete example taxonomy, basedon an existing LFM solution, with three additional examples in theAppendix C. Later, Section 6 discusses and provides recommendationsbased on our proposed taxonomy’s results. Finally, Section 7 concludesthe manuscript.
2. Related work

2.1. Local flexibility markets: definitions and design characteristics

2.1.1. DefinitionsIn essence, LFMs represent a subtype of electricity markets that fea-ture spatial and product concerns. Hence, their ‘‘local’’ and ‘‘flexibility’’designations. The term ‘‘local’’ refers to certain services and productscharacterized by a specific geographical location (e.g., congestion man-agement for DSO). Only flexibility providers connected to the givenlocation in the electricity grid can provide the required service [21].The term ‘‘flexibility’’ refers to the adjustability provided by a range offlexibility sources [22].Although there are numerous interpretations of LFMs, as collectedin Table 1, there is a disagreement on the definitions as not all refer tothe concept in the same manner. These definitions, especially Agencyfor the Cooperation of Energy Regulators (ACER) ’s and EuropeanNetwork of Transmission System Operators for Electricity (ENTSO-E)’s incorporate design aspects such as the target group (e.g., DSOs),while in other cases, include trading horizon actions, flexibility gridneeds, aggregation, and platform independence. These definitions couldlead to confusion and limit the scope of these solutions, especially ifcollected in regulations or frameworks. To avoid this issue, we providea broader, more inclusive definition of LFMs as "information system
solutions that enable buyers and sellers to trade flexibility-services to address
local needs’’. This definition is not specific to any particular marketdesign, implementation, or service (i.e., congestion management), thusencouraging innovation and allowing for adaptation to various contextsand evolving requirements and designs.
2

2.1.2. Design characteristicsLFMs represent complex smart grid solutions involving multiple ac-tors, numerous information flows, and multiple components necessaryfor optimal operation. As interest in these solutions grows, numerousproposals have emerged to address operational challenges, such ascongestion management, by providing congestion management services(see Section 2.3). The diverse array of proposed solutions raises criticalquestions about various market designs, functions, components, andcommunication modes. These questions are paramount to developers,researchers, regulators, SOs, and users who seek a comprehensiveunderstanding of, comparison between, development of, and analysisof these solutions for future real-world implementation.Several authors have attempted to address these questions by delv-ing into the design aspects of LFM solutions. Ramos et al. [12] providea high-level description of the market design characteristics relevant toLFM solutions, exploring dimensions such as temporal, spatial, contrac-tual, and price-clearing aspects. Similarly, Radecke et al. [13] focus onmarket design elements pertinent to congestion management services,including considerations related to market participants, product andremuneration structures, pricing mechanisms, matching procedures,and clearing processes. Meanwhile, Minniti et al. [16] concentrate onother design elements relevant to all LFM solutions, such as the coordi-nation of market players (i.e., TSO-DSO) and the coexistence of variousflexibility services. Valarezo et al. [11] conduct a literature reviewencompassing different flexibility platforms, including LFM solutionsfor congestion management. They analyze diverse design characteris-tics such as pricing strategies, market frequency, bidding processes,settlement mechanisms, market operators’ income models, and integra-tion with established electricity markets. Similarly, Färegård et al. [26]delve into specific design characteristics of LFMs that offer congestionmanagement services, covering elements like delivery periods, pricesettlements, trading platforms, and bid sizes. This detailed examinationserves as a foundation for comparing and classifying existing solu-tions. Additionally, Chondrogiannis et al. [31] provide an in-depthdescription and comparison of current LFM solutions for congestionmanagement, considering functions like pre-qualification procedures,signal dispatch, validation processes, settlement mechanisms, as wellas market design characteristics such as trading mechanisms and flex-ibility product offerings. In the context of solution design, Tronciaet al. [32] introduce a theoretical market framework aimed at concep-tualizing and designing electricity markets, applicable to LFM solutions.

Table 1Local flexibility market literature definitions.

Author Year LFM definition
Ramos et al. [12] 2016 Long- or short-term trading actions for flexibility in a specific geographical location, voltage level, and

system operator (DSO and TSO), given by grid conditions or balancing needs, where participants in a
relevant market can be aggregated to provide flexibility services

Olivella-Rosell et al. [18] 2018 An electricity flexibility trading platform to trade flexibility in geographically limited areas such as
neighborhoods, communities, towns, and small cities.

Radecke et al. [13] 2019 Mechanism that i) aims to relieve congestion in the distribution grid, ii) works through impacting the
dispatch of generation, load and/or storage assets, with iii) voluntary participation, and iv) remuneration
that is determined based on participants’ bids

Correa-Florez et al. [23] 2020 Independent trading space/platform with specific bidding rules

Ziras et al. [24] 2021 A market-based solution to trade flexibility locally between flexibility providers and Distribution System
Operators (DSOs).

Dronne et al. [25] 2021 A local flexibility market is typically used to provide services for the flexibility needs inherent to the
Distribution Network Operator (DNO).

Faregard et al. [26] 2021 Enablers of explicit DSF, which can be used for several purposes such as managing grid congestions

Singh et al. [27] 2022 Trading mechanism for electrical flexibility in geographically constrained regions like communities,
neighborhoods, and towns. The LFM provides a competitive trading platform that allows flexibility
purchasers, such as DSOs and Balance Responsible Parties (BRPs), to trade flexibility with flexibility sellers,
such as aggregators and prosumers.

ENTSO-E [28] 2022 Specifically aimed solutions at resolving constraints on the distribution network.

ACER [29] 2022 Markets where service providers offer products for local SO services

Valarezo et al. [30] 2023 A marketplace that enables buyers and sellers to trade flexibility services to address local needs.
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They focus on design characteristics like market architecture, coor-dination mechanisms between TSO and DSO, optimization processes,market operation, and grid representation.In a broader context, Acosta et al. [33] propose a market categoriza-tion framework that applies to various smart grid solutions, includingLFMs. Within this framework, they emphasize market design aspectssuch as the degree of competition, agreement structures, clearing mech-anisms, price formation, price mechanisms, market product offerings,and the duration of market operations.Building upon this categorization approach, Teske et al. [34] offera comprehensive classification of local energy markets, specificallyfocusing on ancillary services, which congestion management servicescan fall into. This classification distinguishes between LFMs and localcapacity allocation markets, highlighting their distinct characteristicsconcerning objectives, impact on TSOs and DSO, applications, and theprimary challenges they face.Diving into understanding and categorizing the challenges follow-ing a taxonomy-based classification approach, Moller [35] develops ataxonomy. The aim is to understand barriers and potential solutions toflexibility in the district energy-electricity system operated by DSOs.This taxonomy proves valuable for designers and regulators seekinginsights into the challenges associated with designing and overseeing,for instance, solutions for DSOs that include flexibility at their core,such as LFM solutions.Likewise, Mengelkamp et al. [36], adopting a more methodologi-cal categorization approach, change the focus to a business-orientedperspective. They derive a taxonomy using a hybrid approach thatcombines empirical research and conceptual methods. Their taxonomyaims to understand business models’ intricacies and defining character-istics within the context of local electricity markets (LEMs) and theirrelation to LFMs. It draws insights from expert interviews and encom-passes aspects related to the value proposition, solution perspectives,partnerships, product offerings, cost and revenue considerations, roles,legal aspects, succession factors, and transactional elements within thesolution.However, these contributions offer only a partial view of the myriaddesign characteristics of LFMs and their services, particularly regardingcongestion management. A comprehensive taxonomy encompassing alldesign aspects of these smart grid solutions for congestion managementcould serve as the foundation for detailed and harmonized descriptions.Such a comprehensive taxonomy would greatly enhance our ability tocompare and analyze LFM solutions, thereby significantly advancingour understanding of these complex systems. Importantly, this taxon-omy must encompass many perspectives beyond the purely businessaspect, as LFM represents complex smart grid solutions.
2.2. European regulation push towards local flexibility markets

LFMs have become a central policy focus for the EU, catalyzed bythe European Commission (EC)’s strategic endeavors to revolutionizethe power landscape. Driven by the trinity of decarbonization, decen-tralization, and digitalization [37], the ambition is a robust, sustainableenergy infrastructure, with LFMs at its helm, aiding SOs in efficient gridmanagement.The genesis of this regulatory trajectory traces back to the thirdenergy package of 2009, which evolved in 2016 with the fourth energypackage or Clean Energy Package (CEP) proposal, outlining a frame-work for DSOs to harness flexibility. Subsequent policy inflections in2019 further supported LFMs via the European Green Deal [38], with2020 heralding the Energy System Integration Plan [39] and the EUDigital Strategy [40], both underscoring the salience of platforms likedigital LFMs solutions.In 2021, the scene was set for more radical shifts. Directiveson Renewable Energy [41] and Energy Efficiency [42] accentuatednon-discriminatory market participation, congestion management, and
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demand-side flexibility. These culminated in the 2021 ‘Fit For 55’
package, setting an ambitious renewable energy resource (RES) targetof 40% by 2030 [43], implying deeper grid complexities at LV and MVlevels and a pressing call for LFM solutions for smooth RES assimilation.Additionally, the EU’s REPower initiative [44] sought to expeditethe energy shift, seeking demand moderation, fuel source diversifica-tion, and higher RES integration. This momentum carried into 2022when the EU Commission encouraged ACER for a comprehensive de-mand response framework, emphasizing SOs’s pivotal role in localmarket operations, as it clearly states SO can use LFM to procureflexibility [29].In sum, the EU’s evolving policy landscape profoundly recalibratesthe regulatory climate, reshaping grid and market paradigms. As chal-lenges to the legacy power model mount, they concurrently create apush for innovative solutions like LFMs to navigate and thrive amidthese changes [31].
2.3. Overview of local flexibility markets for system operators in Europe

LFMs have generated substantial attention as a way to achieve theintegration of many regulatory changes while being a cost-effectivecomplement for SOs. Hence, many EU projects have focused on theresearch and development of LFM solutions. Table 2 presents a com-prehensive overview of the most pertinent European initiatives thatcurrently feature LFM solutions for the procurement of SO services viaplatforms. Many of these initiatives have emerged from the EuropeanH2020 research program, including projects such as CoordiNet [45,46], EUniversal [47,48], EU-SysFlex [49,50], InterFlex [51,52], andOneNet [53,54]. These projects involve multiple partners from differ-ent European countries, as outlined in Table 2. Furthermore, Germanyand Denmark have introduced their own national initiatives, namelyEnera [55] and Ecogrid 2.0 [56] – to facilitate the procurement of flex-ibility services. Additionally, the Cornwall Local Energy Market [57]in the UK – which was led by Centrica and partially funded by theEuropean Regional Development Fund – developed a market-based toDSO and TSO flexibility procurement arrangements.Other LFM solutions have been developed independently by SOs.For instance, Flexible Power [58] is a collaborative effort of fourUK electricity distribution network operators (DNOs): National GridElectricity Distribution, Northern Powergrid, Scottish and SouthernElectricity Networks, and SP Energy Networks. Similarly, Enedis –the main DSO in France – created and operates a local flexibilityplatform to procure congestion management services [59]. Moreover,GOPACS [60], owned and operated by the Dutch–German TSO Ten-neT and four DSOs (Stedin, Liander, Enexis Groep, and Westland),serves as an intermediary platform supporting the coordinated market-based procurement of congestion management services. Another rele-vant flexibility platform is being developed by OMIE, the nominatedelectricity market operator (NEMO) for the Iberian Peninsula (Spainand Portugal). This initiative builds upon the work carried out in theOneNet [53], DRES2MArket [61] and IREMEL [62] projects.On the other hand, there are commercial solutions that offer mar-ketplaces for the procurement of flexibility services. For instance, Pi-clo [63] operates in the UK and has expanded its operations to Ireland,Lithuania, Portugal, and the United States. Similarly, NODES [64] is anindependent marketplace that functions as a market operator as part ofvarious projects such as Mitnetz [65], NorFlex [66], Smart Senja [67],SthlmFlex [68], among others. Most of the analyzed initiatives areeither fully operational or completed, with the exception of EUniversal,OneNet, and the OMIE LFM, which were at the implementation stage
at the time this research was conducted.
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Table 2Overview of local flexibility market platforms implemented in Europe since 2016.
Service objective Market type Use Cases Status Countries # UCs

Congestion Management Flexibility market for DSO

CoordiNet: BUC-ES-1b,BUC-SE-1a/1b 2019–2022 ES-SE

25

EUniversal: BUC-PT1 2020–2023 PT
Flexible Power: National GridElectricity Distribution, SP EnergyNetworks, Northern Power Grid,Scottish and Southern ElectricityNetworks

In operation UK

InterFlex: FR-UC3, NL demo 2017–2019 FR-NL
NODES: Mitnetz 2018–2021 DE
NODES: Smart Senja In operation DE-NO
OneNet: WECL-ES-01/02,EACL-HU-02, EACL-SL-01 2020–2023 ES-HU-SL
Piclo: UK Power Networks,Electricity Northwest In operation UK
OMIE: IREMEL and DRES2Market In development ES
Enedis: local flexibility platform In operation FR

Flexibility market for DSOand TSO
CoordiNet: BUC-GR-2a/2b 2019–2022 GR
Cornwall LEM 2016–2020 UK
Enera: Northwest of Germany usecase 2017–2020 DE
GOPACS In operation NL

Voltage Control Flexibility market for DSO EUniversal: BUC-PT2 2020–2023 PT
6EU-SysFlex: FI demo 2017–2021 FI

OneNet: EACL-HU-01, EACL-SL-02 2020–2023 HU-SL
Flexibility market for DSOand TSO CoordiNet: BUC-GR-1a/1b 2019–2022 GR

Congestion Managementand Voltage Control Flexibility market for DSO EUniversal: BUC-DE-AP/RP,BUC-PL-AP/RP, BUC-PT3/4 2020–2023 DE-PL-PT
11Ecogrid 2.0: BC3 Flexibilityservices at DSO level 2016–2019 DK

OneNet: EACL-CZ-01/02/03 2020–2023 CZ
Flexibility market for DSOand TSO EU-SysFlex: Portuguese demoPT-FxH-RP 2017–2020 PT

Congestion ManagementBalancing Flexibility market for DSOand TSO
EU-SysFlex: Italian demo IT-AP 2017–2021 IT 3NODES: NorFlex 2019–2022 NO
NODES: SthlmFlex In operation SE

Congestion Management,Voltage Control Balancing Flexibility market for DSOand TSO OneNet: SOCL-CY-01/02,EACL-PL-01/02/03/04 2020–2023 CY-PL 6
Islanding Flexibility market for DSO CoordiNet: BUC-ES-4 2019–2022 ES 1
2.3.1. ObservationsTwo types of market designs were identified in these projects: Flexi-bility Markets for DSOs and Flexibility Markets for DSOs and TSOs. Theformer represents a market-based mechanism allowing DSOs to procuresystem services from flexibility service providers (FSPs) to addresslocal needs, with DSOs maintaining exclusive access to DERs. In thelatter, flexibility markets for DSOs and TSOs, flexibility is distributedbetween system operators through market-based coordination, suchas bid forwarding, value stacking or priority-in-bid-selection. In thisinstance, LFMs at distribution level typically function as the initial stageof the process. It is important to highlight that flexibility markets whichare used exclusively for TSOs are excluded from the analysis. This isbecause this paper focuses on LFMs at the distribution level.Furthermore, we identified and examined fifty-two use cases (UCs),all of which used LFM platforms as collected in Table 2. We categorizedthem into six groups based on their service objectives.

4

The first group comprises UCs for testing congestion managementsolutions. In nineteen of these UCs, the DSO aims to procure flexibilityto resolve or mitigate physical congestions (specially, the overload-ing of lines and/or transformers) using active power products. Inthe remaining UCs, the TSOs and DSOs procure flexibility to addresscongestion issues through TSO - DSO coordination schemes [21]. Thesecond group comprises six UCs which provide voltage control ser-vices. These UCs share similarities with congestion management UCs.However, their focus diverges slightly as their solutions rectify voltageviolations using reactive power or a combination of active and reac-tive power. The following groups propose market-based solutions thatcombine congestion management services with voltage control and/orbalancing services. For instance, projects such as EUniversal, OneNet,Ecogrid 2.0, and EU-SysFlex have implemented UCs that focused onLFMs for the joint procurement of congestion management and volt-age control services. In the market-clearing of these solutions, any



Applied Energy 357 (2024) 122203S. Potenciano Menci and O. Valarezo

n

active and/or reactive power flexibility bids from providers could solvelines/transformers overloading, bus voltage violation, or both. The lastgroup includes the CoordiNet UC-ES-4, which centers on islandingservice (i.e., a type of microgrid operation).Among the reviewed UCs, congestion management service emergesas the most prevalent service in local flexibility markets. Consequently,the proposed taxonomy concentrates primarily on this service alone anduses these UCs as a foundation to develop it.
3. Research approach

This research paper proposes a multi-layered taxonomy for LFMsfocusing on congestion management at the distribution level. We limitour taxonomy to the area of congestion management, as it is the mainservice for DSOs and where the main pilot projects and companiesare directing their efforts (see Section 2.3). We propose our definitionof LFMs in Section 2.1. We refer to congestion management servicesas mitigating the restriction of electrical power exchange throughthe electrical grid, with this largely dependent on the capacity oftransmission/distribution lines and transformers. Line or transformercapacity can be restricted by physical constraints, such as thermalloading or hosting capacity, or by nonphysical factors, such as contractpower limitation. This is a particular concern for smaller DSOs whencontracting power capacity from larger DSOs.
3.1. Smart grid architecture model framework

The SGAM is a fundamental part of our taxonomy-building ap-proach because LFMs are smart grid solutions. The SGAM can providea harmonized description of smart grid solutions [20]. It requires abusiness-case or other use-case as a context from which to provide adescription. The SGAM emerges from the M/490 EU mandate, whichasks the Smart Grid Coordination Group (CEN, CENELEC, and ETSImembers) to develop a framework to enable European standardizationin the field of smart grids, while maintaining transverse consistency andpromoting continuous innovation [20].The SGAM framework is widely employed within the EU to pro-vide comprehensive descriptions of smart grid solutions. It is usedby various initiatives, such as research projects and their scientificpublications [46,51,53,69], as well as task forces in Europe, includingthe European Smart Grids Task Force Expert Group 1 [70] and the DataManagement Working Group [71]. These entities highly recommendusing the SGAM to achieve a holistic and harmonized depiction ofsolutions.The SGAM divides the description of a smart grid solution into fiveinteroperability layers: (1) Business, (2) Function, (3) Information, (4)Communication, and (5) Component, as we depict in Fig. 1 [20].The business interoperability layer provides an overview of theeconomic and regulatory structures of the solution. The function in-teroperability layer describes the services and tools relationships froman architectural viewpoint. The information interoperability layer de-scribes the exchange of information and its underlying canonical datamodels. The communication interoperability layer describes the proto-cols and mechanisms for information exchange between components.

Fig. 1. Interoperability layers of the Smart Grid Architecture Model based on [20].

5
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Finally, the component layer provides an overview of the power sys-tem devices and information and communication technology (ICT)equipment used to operate the solution.As a result, the SGAM offers a harmonized power system frameworkfor the description of smart grid solutions. Consequently, we use it tostructure the descriptions in our taxonomy. For each interoperabilitylayer, we create a separate taxonomy. Using a detailed SGAM – suchas the one in [72], which covers all five interoperability layers – wecan provide a comprehensive, integrated, and harmonized descriptionof our LFM solution. However, even a partially described solution thatcovers one or more interoperability layers can still help to identifyobjects. We aim not to map our taxonomy onto the SGAM, but to useit as a boundary to define and describe each specific interoperabilitylayer and, as a result, our LFM solution.
3.2. Taxonomy building method

Traditionally, taxonomies are means of classification using empir-ical observations of identified objects [73]. However, given the rapidevolution of LFMs and regulations, relying solely on empirical data mayresult in an outdated taxonomy. Therefore, we incorporated conceptualinformation to enhance and strengthen our taxonomy. We selectedthe extended taxonomy design process (ETDP) method proposed byKundisch et al. [74] as it builds from Nickerson et al. [75] and extendsthe evaluation step (see Appendix A–Fig. A.1 for convenience).The process of building a taxonomy involves several steps. Re-searchers start by specifying the observed phenomena (i.e., the matterof research), the target groups, and the intention of the research.Next, they determine the meta-characteristics of the taxonomy, whichprovide the essence of the classification. Then, researchers need todetermine their ending conditions and evaluation goals. Succeedingsteps then focus on the main building blocks of the taxonomy through astep-oriented method that involves empirical (E-2-C) and/or conceptual(C-2-E) iterations to drive the dimensions and characteristics of thetaxonomy. In our case, we used a mixed approach that combinesboth iterations. The taxonomy is defined by a set of dimensions, eachconsisting of mutually exclusive characteristics. Dimensions can beconsidered variables, while characteristics can be considered possiblevalues of these variables [75]. Taxonomies can be multi-layered toincrease comprehension and readability [74]. In our case, we usethe term ‘‘category’’ instead of ‘‘layer’’ to avoid naming conventionproblems with the SGAM interoperability layers. After each iteration,researchers revise the taxonomy and check their ending conditions. Ifthey meet their ending conditions, they continue by configuring andperforming the evaluation. Once the researchers meet their evaluationgoals, they can consider that they have finalized the taxonomy and canthen report it.To develop our taxonomy, we focused on observing the phenomenonof local flexibility market platforms and identified three user targetgroups: (1) Academic, (2) Industrial, and (3) Regulatory. The taxonomyserves as a foundation from which to describe, understand, classify,and analyze LFM platforms in a harmonized fashion. Therefore, the es-tablished meta-characteristic is: ‘‘Design characteristics of local flexibility
market platforms focused on congestion management at distribution level in
the EU’’.We assumed four objective ending conditions. Objective conditionsprovide a clear and straightforward means for researchers to check theirstopping conditions. The first condition is to cover a representativesample of objects, in our case, commercial solutions and EU projects.To do so, we analyzed commercial and development solutions availablesuch as Piclo [63], NODES [64], OMIE [76], GOPACS [60],1 which are

1 It is not considered a local flexibility market per-se, but we considered itonetheless, as it can help with the evaluation process and is an experimentor the usefulness of the taxonomy.
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the leading commercial solutions. We also analyzed the details of themain EU projects targeting LFM selected from our literature analysis(see Section 2.3). The second condition is to stop iterating if we donot perform any merge or split operations in the previous iteration(see [74]). The third condition is that every dimension and characteris-tic must be unique for each interoperability layer. The fourth conditionis that the combination of characteristics is unique and not repeated. Ina similar fashion, as authors from the same discipline [36,77] or otherdisciplines have done [78,79], we incorporated an additional mutuallyexclusive marker as a new column in our taxonomy. This mutuallyexclusive marker delineates whether characteristics are unique or ifmultiple characteristics can apply within a single dimension. Moreover,the mutually exclusive clause facilitates a reduction in the number ofcharacteristics, as it prevents the need to specify their combinations.We assumed five subjective ending conditions. Subjective endingconditions are more complex to check. This is because they depend,to a large extent, on each researcher’s point of view. First, the tax-onomy must be concise. Consequently, we aimed to limit the numberof dimensions and characteristics in each dimension to locate andcapture abstraction and conciseness. Second, the taxonomy must besufficiently robust to provide differentiation between objects based onthe dimensions and characteristics of the taxonomy. Third, it has tobe comprehensive to enable a (random) sample of objects within thedomain to be classified. Fourth, it has to be extendable so that newdimensions or characteristics can be added easily. Fifth, it has to belargely self-explanatory; in other words, the naming convention has tobe intuitive.
3.3. Iterations

We required a total of sixteen iterations as collected in Table 3. Thefirst iteration, 𝐼 = 1, was a C-2-E iteration focused on reviewing existingiterature on topics related to our taxonomy. We used search stringshat included congestion management, local flexibility markets, local energy
arkets, taxonomy, and smart grid architecture. We conducted our reviewsing online libraries such as IEEE Xplore [80], Science Direct [81], and
emantic Scholar [82]. We also utilized our professional and academicnowledge, as well as the projects we reviewed (see Section 2.3). Thenitial outcome of 𝐼 = 1 was the initial version, 𝑉 1, which we furthernhanced through subsequent revisions.Subsequent versions of the taxonomy resulted from E-2-C approachterations. In our E-2-C iterations, we used the latest version of theaxonomy and conducted interviews to enhance the taxonomy. In total,e interviewed twenty-eight experts from different backgrounds. We
6

elected our pool of candidates based on their experience in the context b
of LFMs and, if possible, knowledge in the SGAM domain. We providedetails from our expert interviews in Table 4. We employed a semi-structured interview format and used the drama model as our guidingframework [83]. We conducted the interviews in Spanish and English.Before initiating each interview, we obtained consent from our expertsto record and transcribe the conversation. We could record all theinterviews and analyze the transcription to complete, modify, or adaptthem. In each interview, we introduced our motivations and objectives,explained our research approach, provided an overview of our tax-onomy per SGAM interoperability layer, discussed the taxonomy, andconcluded by asking for their feedback. We collected their feedbackon the taxonomy and literature recommendations, allowing us to buildupon refined versions, as well as cross-checking comments from allinterviewees.After iteration 𝐼 = 4, we introduced the category ‘‘layer’’ in ourtaxonomy to provide a better context for the dimensions and theircharacteristics, following interviewee recommendations and analyzingsimilar approaches in the literature [77–79].Subsequent iterations, 𝐼 = 12 and 𝐼 = 14 incorporated cross-nationalse cases (Netherlands (NL), Spain (ES), and the UK), with iteration
= 12 emphasizing interview-based insights and iteration 𝐼 = 14crutinizing extant documentation. The shift was because intervieweesrom 𝐼 = 13 recommended instantiating the taxonomy to (1) check itsompleteness, (2) determine its ability to distinguish real-world objects,nd (3) analyze any potential constraints when populating it. Afterwo more iterations, we met all the ending conditions considered anderformed the evaluation.
.4. Evaluation

We evaluated our taxonomy in a two-stage process. The first stagenvolved mid-term feedback from interviewees at the end of the in-erviews and the instantiation of the taxonomy in iterations 𝐼 = 12nd 𝐼 = 14 to identify areas for improvement and refinement ofhe taxonomy, ensuring its practical relevance and alignment witheal-world expectations.The second stage occurred post-completion, after iteration 𝐼 =
6. We used a qualitative question-based method, drawing from theuidelines of Kundisch et al. [74], March et al. [84], and Prat et al. [85],o assess various dimensions including completeness, ease of use, andobustness. We developed a set of open-ended questions to evaluatehe completeness, ease of use, simplicity, understandability, fidelity with the
eal world, consistency, level of detail, and robustness of our taxonomy.t the same time, we invited all the interviewees from the taxonomy-
uilding process by email (Bcc) to share their feedback and answer
Table 3Overview of iterations carried out to complete the taxonomy.
Overview Categories Dimensiona Characteristicsa
Iteration Version Type Data (𝑖 = interviewee) Number B F I C Comp B F I C Comp
1 V1 C-2-E Own, literature and project documentation – 19 3 2 6 9 63 15 7 18 232 V2 E-2-C V1 + 𝑖1 – 16 2 2 6 8 53 13 7 20 223 V3 E-2-C V2 + 𝑖2 – 17 2 2 6 8 57 14 7 20 214 V4 E-2-C V3 + 𝑖3 18 17 7 3 6 7 44 20 11 16 185 V5 E-2-C V4 + 𝑖4 18 17 7 3 6 7 44 20 11 15 186 V6 E-2-C V5 + 𝑖5 + 𝑖6 + 𝑖7 21 23 7 3 6 7 53 20 11 16 187 V7 E-2-C V6 + 𝑖8 21 23 7 3 6 7 53 20 11 15 188 V8 E-2-C V7 + 𝑖9 23 20 7 3 8 7 50 20 11 16 199 V9 E-2-C V8 + 𝑖10 + 𝑖11 23 21 7 3 8 7 54 20 11 16 1910 V10 E-2-C V9 + 𝑖12 + 𝑖13 + 𝑖14 + 𝑖15 + 𝑖16 23 21 7 3 8 7 57 20 11 16 1911 V11 E-2-C V10 + 𝑖17 + 𝑖18 + 𝑖19 24 21 7 3 8 7 59 20 11 16 1912 V12 E-2-C V11 + 𝑖20 + 𝑖21 + UC (NL) 24 21 7 3 8 7 53 21 11 16 1813 V13 E-2-C V12 + 𝑖22 + 𝑖23 + 𝑖24 + 𝑖25 + 𝑖26 23 21 6 3 8 6 52 18 11 16 1614 V14 C-2-E V13 + UC (ES, UK) 25 24 6 3 8 6 62 18 11 16 1615 V15 E-2-C V14 + 𝑖27 23 22 7 3 8 6 52 21 11 16 1616 V16 E-2-C V15 + 𝑖28 24 21 7 3 8 6 50 20 11 16 16

a B = Business, F = Function, I = Information, C = Communication, Comp = Component.
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Table 4Interview details.
ID Country of activity Sector Position Topic expertise SGAM expertisea Duration (min) Interview setup
1 Spain University Researcher LFM and SGAM B, F 103 Physical Individual2 Spain University Research assistant LFM and SGAM B 102 Physical Individual3 Spain University Research professor LFM B 82 Physical Individual4 Spain University Professor LFM B 76 Physical Individual5 Spain University Research assistant LFM and SGAM I, C, Comp 100 Physical Group6 Spain University Professor SGAM I, C, Comp 100 Physical Group7 Spain University Assistant Professor LFM and SGAM I, C, Comp 100 Physical Group8 Spain Industry DSO role LFM and SGAM B, Comp 102 Online Individual9 The Netherlands Industry Senior consultant LFM B 100 Online Individual10 Austria Research Head of research unit LFM and SGAM All 72 Online Individual11 Germany Industry Senior project manager LFM B 86 Online Individual12 Austria Research Head of research unit LFM and SGAM F, I, C, Comp 68 Physical Individual13 Austria Research Researcher LFM and SGAM F, I, C, Comp 71 Online Individual14 N-W & central Europe Industry Manager business development LFM B 83 Online Individual15 Spain Industry Senior developer LFM B 93 Online Group16 Spain Industry Senior developer LFM B 93 Online Group17 Austria Research Researcher LFM and SGAM F, I, C, Comp 74 Physical Group18 Austria Research Researcher LFM and SGAM All 74 Physical Group19 Portugal Research Head of research unit LFM and SGAM All 54 Online Individual20 The Netherlands Industry Project manager (DSO) LFM and SGAM B 80 Physical Group21 The Netherlands Industry Product owner flexibility systems (DSO) LFM and SGAM B 80 Physical Group22 Belgium Policy Policy advisor LFM B 76 Online Group23 Belgium Policy Management, Lead & Advisor LFM B 76 Online Group24 Norway Policy Senior Engineer LFM B 86 Online Individual25 United Kingdom Industry Economic Consultant LFM B 84 Online Individual26 Greece Policy Policy freelancer LFM and SGAM All 146 Online Individual27 Belgium Policy Head of research LFM and SGAM B 66 Online Individual28 Belgium/EU Industry Flexibility Manager LFM and SGAM B 89 Online Individual

a B = Business, F = Function, I = Information, C = Communication, Comp = Component.

ur questions. Table B.1 collects these questions in Appendix B. Allwenty-eight experts interviewed responded positively, although threelso shared minor comments.On the one hand, these experts acknowledged that the taxonomyffectively bridges the gap between diverse terminologies and facili-ates accurate, holistic understanding. They also appreciated its com-leteness, which covers the entire perspective of these solutions androvides a solid foundation. Additionally, they noted the balancedbstraction level, which helps avoid the taxonomy becoming quicklyutdated.On the other hand, the experts expressed the following minoroncerns. First, they recognized that the taxonomy, although complete,ell-structured, and detailed, requires a certain level of expertise tonderstand. This is because it encompasses intricate elements that mayecessitate prior knowledge or supplementary information for non-xperts. Second, periodic updates to the taxonomy may be necessary,articularly in response to regulatory changes. However, they alsocknowledged that such changes would require minimal work due tohe logical structure of the taxonomy and the followed method. Thus,he expressed concern in reality aligns with the inherent nature ofaxonomies, which, as suggested by Nickerson et al. [75], should bextensible, dynamic, and not merely static to adapt to changes. Finally,ome respondents noted that they could provide a more detailed answeregarding the ease of use once they used the multi-layer taxonomy,lthough it seems straightforward at first glance.As final remark, during a presentation at a doctoral workshop [86],e received positive feedback on the elegance of the taxonomy. Thisas principally due to the way it incorporates the SGAM’s structure,hus contributing to a well-organized taxonomy.
. Taxonomy

In the following section, we introduce our taxonomy, organized intoive SGAM interoperability layers detailed in subsequent subsections. Inach taxonomy, the extra column indicates whether characteristics areutually exclusive (ME)—‘‘yes’’ for unique characteristics and ‘‘no’’ forombinable ones.
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4.1. Business interoperability layer

In Table 5, we present our proposed taxonomy for the businessinteroperability layer, featuring nine categories, 21 dimensions, and50 characteristics. The nomenclature aligns with the latest frameworksfrom ACER [29], universal smart energy framework (USEF) [87], andENTSO-E [88].The first category in our taxonomy focuses on congestion manage-ment needs (CM needs), which are classified into planned and un-planned origins. Planned needs are predictable and stem from networkexpansion plans, allowing the SO to prepare accordingly. Unplannedneeds arise from sudden or post-fault scenarios, making it uncertain ifcorrective measures will be needed, as seen in cases from Spain [76]and the UK [89].The second category in our taxonomy identifies the primary playersin an LFM: flexibility buyers, FSPs, and the market operator. Our taxon-omy focuses on DSOs, or a combination of DSOs and TSOs, as the mainflexibility buyers for congestion management at the distribution level.We have identified two types of market designs for this in Section 2.3.In the first design, one or multiple DSOs can act as buyers in an LFM. Inthe second design, both DSOs and TSOs can purchase flexibility throughmarket-based coordination, with an LFM serving as the initial stage. Weidentified two key types of FSPs: aggregators and individual providers.Aggregators can be further classified into traditional and independentmodels according to [90,91], but this taxonomy does not cover it.The role of market operators in LFM is a subject of debate asremarked in [92,93]. While some DSOs may operate the market, up-coming EU regulations and frameworks [29] suggest multiple operatoroptions, including independent entities like Piclo or regulated onesas NEMOs. LFM operators have similar responsibilities to traditionalmarket operators but may take on additional tasks when an SO assumesthis role, such as resource prequalification or flexibility activation [94].The third category, market scope, contains three dimensions: nego-tiation time frame, grid level location of flexibility needs, and locationorganization of offers. The negotiation time frame concerns the ‘‘gate’’
opening and ‘‘gate’’ closure for customers to participate in flexibility
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Table 5Taxonomy based on the business interoperability layer for congestion management service.Category Dimension Characteristic MECM need Origin Planned Unplanned YesFlexibility buyer DSO/s DSO + TSO YesFlexibility service provider Aggregator/s Individual provider/s YesMarket operator System operator/s Third-party commercial Third-party regulated NoNegotiation time frame Real-time Short-term Mid-term Long-term YesFlexibility need – grid level DSO HV DSO MV DSO LV NoOffer organization Congestion point/s Congestion zone/s NoMarket access Prerequisites Technical Market NoAttributes(Parameters) Not standardized Standardized for UC/BC only Standardized at country level NoTransactional object Energy (Activation) Capacity (Availability) NoPower Active Power Reactive Power NoDirection Upwards Downwards YesMatching Continuous market Call market YesDemand/Supply formation One side Market Two side Market YesGrid constraint representation Bid limitation Partial grid data Comprehensive grid data YesPricing rule Pay-as-clear Pay-as-bid YesFlexibility unit metering Portfolio Asset NoBaseline method Historical data Real-time data Alternative data NoExternal coordination Implements MO/s coordination Does not implement coordination YesExisting market interaction Defined Undefined YesEconomic Fees Fixed Variable No

Participants
Market scope

Product

Clearing
Meteringverification
Integration
markets with their bids (flexibility offers). Customers can participatein flexibility markets, ranging from real-time to long-term. Real-timeencompasses same-day market negotiations, short-term refers to hoursto a day, mid-term includes weeks to months, and long-term extendsover years. The grid level location is crucial for distribution networks asit dictates the effectiveness of congestion solutions. Here, we adhere tothe EN 50160 and E.DSO (European DSOs association) guidelines [95,96] and consider high voltage (HV), MV, and LV levels excludingExtra-HV because of our distribution-level focus. The offer locationorganization dimension contains two main characteristics: congestionpoints and congestion zones, which may dynamically change over timeaccording to real projects [97]. These dimensions incorporate insightsfrom various studies and guidelines, such as EN 50160, E.DSO reports,and practices in countries like Spain, the Netherlands, and the UK (seeSection 4).The fourth category, market access, outlines the prerequisites thatFSP must meet to enter the market. These prerequisites can be technical(such as prequalification of assets and communication with assets)or market-specific. Market-specific prerequisites may involve provid-ing company information, collateral for participation, or declaringresponsibility for balancing.The fifth category refers to the product. Our research found thatcompanies and research projects may use various attributes to de-scribe a congestion management product. For example, the OneNetproject [98] introduces a framework that categorizes product attributesin two different levels: technical attributes (e.g., traded commodity,location of delivery, level of availability, ramping period, requiredmode of activation, etc.); and bid related attributes (e.g., divisibility,granularity, availability and activation prices, aggregation allowed,etc.). Similarly, the Open Networks project in the UK [99], outlines spe-cific attributes for active power products, including minimum flexiblecapacity, maximum ramping period, minimum activation capability,availability agreement period, among others, mixing the technical andbid related attributes. Such a classification into technical and bid-related (similar to OneNet project) provides a simple structure but lacksdepth. In order to provide depth into the taxonomy, we incorporateseveral dimensions to provide insights at a technical level and laterat a market level. Thus, from a technical perspective in the product,to provide a concise set of parameters – rather than an extensiveand dynamic list that may change due to upcoming regulations inthe EU (e.g., ACER’s demand response framework guidelines [29]) –we focused on how standard or common these characteristics are inthe operational context. We segmented them into three levels of stan-dardization: non-standardized, standardized for the use case/business
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case, and standardized at the country level. The non-standardizedcharacteristic offer customization at the cost of complexity and arespecific to individual contracts or flexibility needs. Standardized forthe use case/business, like those in NODES, balance customization andefficiency and are specific to congestion management as they can bereplicated across countries since they are use case dependent. Lastly,
standardized at the country level aims to provide a cohesive frameworkfor all market participants within a country, as seen, for example,in the UK. Future guidelines from ACER may encourage but not en-force this level of standardization. The transactional object dimensiondescribes the traded commodity: energy (activation or utilization asknown in the UK) or capacity (availability). It is essential to emphasizethat our taxonomy acknowledges the possibility of combining thesecharacteristics to create specific and unique variations. Additionally,depending on the design and the product at hand, capacity productsmay introduce further nuances, such as traditional capacity or capacitylimitation (e.g., dispatch limitation), as highlighted in the frameworkguidelines [29] or in proposed designs as in [100]. Nevertheless, froman abstract perspective, these still revolve around capacity. The powerdimension refers to the product’s nature, which can be active or reac-tive power. While most congestion markets emphasize active power,recent EU projects like Coordinet [46] and EUniversal [47] explore theuse of reactive power. The direction dimension distinguishes betweenupwards (increasing generation or reducing consumption) and down-wards (decreasing generation or increasing consumption). Even thoughlimiting power direction could constrain market liquidity, it can alsooffer clarity and simplification for both flexibility buyers and FSPs, thusinfluencing the LFM’s overall effectiveness.The sixth category refers to market clearing, which is crucial inany market-based procurement system. It outlines the operational andmanagement aspects of the market. The clearing matching dimension,in its abstraction, can be either a continuous market (e.g., intradaycontinuous), or a call market approach for procuring services. The callmarket – which includes tenders, bilateral contracts, or various typesof auctions [17,101,102] – has been the subject of much discussionduring interviews. The key distinction is that while the continuousmarket clears frequently, the call market has an opening and closureperiod for FSPs to submit their offers. The demand/supply formationdimension in market clearing refers to either one-side or two-sidemarkets. In one-sided markets, the focus is mainly on meeting thebuyer’s needs, often selecting bids based on criteria like the lowestprice. In contrast, two-sided markets balance both buyer and seller of-fers, determining the market-clearing point where demand and supplyintersect. The grid constraint representation dimension distinguishes



Applied Energy 357 (2024) 122203S. Potenciano Menci and O. Valarezo
between bid limitation, partial grid data, and comprehensive grid data.Bid limitation relies solely on bid information for market clearing. Par-tial and comprehensive grid data involve varying degrees of networkinformation to address location-based congestion needs as indicatedin [54]. The pricing rule dimension identifies if the market operatesunder pay-as-clear or pay-as-bid mechanisms [103].During the taxonomy development process, two additional potentialdimensions emerged: price capping and the organization responsible forclearing. The issue of price capping was considered outside the scopeof the business layer. It can be included in the information taxonomyinteroperability layer as market information (see Section 4.3). As aside note, DSOs might use budgets instead of price caps for purchasingflexibility. The second dimension, which pertains to the entity in chargeof clearing, was found to overlap with the functional taxonomy. Assuch, we restricted it to the functional layer, focusing on the managerialresponsibilities associated with each function (see Section 4.2).The seventh category focuses on metering verification. It signifi-cantly influences the settlement process and, thus, the service payment.We focus on two key dimensions: flexibility unit metering and baselinemethods. Flexibility unit metering can be portfolio-based or centeredon individual assets, using either main metering or specialized subme-tering. Baseline methods are categorized into three main types: basedon historical data (where any previous data helps infer the baseline);real-time data (as monitoring or nowcasting (prediction in a veryshort time ahead) provides); or any alternative data (such as schedulesor nominations). These examples are non-exhaustive as pointed outin [24,45,104].The eighth category focuses on market integration. We split itinto two main dimensions: external coordination and existing marketinteraction. External coordination pertains to whether the LFM inter-faces with other network operators (DSO-DSO, TSO-DSO) or marketoperators or remains isolated. Existing market interaction investigatesthe relationship between the LFM and existing markets like day-aheador intraday. For example, OMIE in Spain plans to leverage day-aheadmarket data in their developing LFM. The OneNet project also exploreshow LFMs interact using primarily bid forwarding with establishedenergy and ancillary markets [54].We dedicate the last category in our business taxonomy to theeconomic aspect, which considers the LFM fees that can be fixed orvariable. LFM platform solutions might include many different fees andmight only be equal to some participants. For example, fixed fees couldrefer to the cost of the LFM solution in terms of infrastructure, withparticipants facing a fixed fee to use it paid once or by subscriptionor even mutualized by all end-customers. Variable fees may refer totrading fees based on total volume or penalties or price reductions FSPmight face upon non-delivery of their product.
4.2. Function interoperability layer

Table 6 collects the taxonomy for the function interoperabilitylayer consisting of three categories, seven dimensions, and twentycharacteristics. It aims to classify the functions required to perform inan LFM. The number of functions to classify may vary depending onthe description and complexity of the LFM use case. We recommendthe following steps to use the proposed function interoperability layer
9

taxonomy effectively:
1. Identify all functions present in the LFM solution by selectingthe best representative characteristics of the Scope dimension.2. For each identified function and its scope, describe the othertwo categories (Management and Computation) by selecting onecharacteristic per dimension.
Aligned with studies by ENTSO-E [28] and Office of Gas and Elec-tricity Markets (OFGEM) [105], our taxonomy for the function interop-erability layer of LFM includes:
1. Assessment Functions: Cover activities such as monitoring andforecasting for flexibility management.2. Trading Functions: Focus primarily on bid selection and marketprocesses.3. Communication Functions: Facilitate coordination and informa-tion sharing, exemplified in H2020 projects like InteGrid [69]and EUniversal [106].4. Dispatch Functions: Relay selected offers to FSPs for subsequentasset operation.5. Activation Functions: Initiate the operation of flexibility assetsbased on specific parameters.6. Validation and Settlement Functions: Interlinked functions thatverify and finalize contracts and deliveries, also triggering pay-ment processes.
The differentiation between dispatch and activation emerged fromthe interviews and research [31]. While they might appear synonymousor often treated together in some contexts, they serve distinct rolesin many scenarios. For example, a DSO may issue a dispatch orderwell in advance, specifying the flexibility requirements. However, theactual activation, which puts these requirements into effect, is typicallycarried out by the FSP at a designated later time. This separationunderscores the nuanced roles these functions can play in operating anLFM.The responsibility for performing specific functions in an LFMimpacts system architecture, device prequalification, and market de-sign [107]. Our taxonomy distinguishes between the flexibility platformoperator and third-party operators for this responsibility. This clarity iscrucial, especially for functions like activation, where ambiguity canresult in task failure. Currently, no set approach for activation exists;it can be market-based (via the market operator (MO)) or directlycontrolled (via the SO) [8]. This may change with the forthcoming EUdemand response framework, specifying the SO’s role in bid selection,activation, and service control (see paragraph (62) in [29]).We outline five dimensions in the computation category. The first,the input dimension, considers whether a function requires single ormultiple information sources. This affects architecture and scalabil-ity [72,108]. The second, the trigger dimension, categorizes functionsas manual or automatic, noting that semi-automatic functions are con-sidered manual. The third dimension deals with time constraints oncomputations, which we classify broadly as defined or undefined. Thefourth, execution, examines whether the function operates in real-time, near real-time (e.g., within 15 min), or batch (e.g., for payment)mode. Lastly, the resource dimension qualitatively identifies resourceconsumption as low, medium, or high, given the fast-changing nature of
technology and the prior author’s experience with quantification [108].
Table 6Taxonomy based on the function interoperability layer.Category Dimension Characteristic ME
Objective Scope Assessment Trading Communication Dispatch Activation Validation &settlement Yes
Management Responsible System operator Third-party operator YesInput Single Multiple YesTrigger Manually Automatically YesTime limitation Defined Undefined YesExecution Real-time Near real-time Batch YesResources Low demanding Medium demanding High demanding Yes
Computation



Applied Energy 357 (2024) 122203S. Potenciano Menci and O. Valarezo
4.3. Information interoperability layer

Table 7 describes the taxonomy for the information interoperabilitylayer. The information taxonomy has three categories, three dimen-sions, and eleven characteristics, making it the shortest of all fiveinteroperability layers taxonomies. Even though its relatively shortaspect, it complies with the recommendations from [74,75]. The taxon-omy provides relevant insights concerning the information, structure,contents, and how to use it. We recommend that practitioners considerthe following steps when utilizing the taxonomy:
1. identify each link,2. classify each link using the taxonomy.
In other words, we propose to describe each link, with each rep-resenting a connection between different nodes (components), thusbeing similar to the function taxonomy. The complexity of this exer-cise reduces when using a SGAM mapping as the primary input forthe taxonomy. Authors in [108] provide examples of identified linkdescriptions for the information interoperability layer.We identify three main categories for the information interoper-ability layer taxonomy, each having a single dimension. The firstcategory concerns the data model employed, which refers to how thedata was wrapped. Examples include asset metering models like IEC62056 [109], flexibility models such as energy flexibility data model(EFDM) [110], and market data models like USEF’s USEF Flex Tradingprotocol (UFTP) [111]. Given the diversity of data models, we includegeneral characteristics for resilience in our taxonomy. The secondcategory, content, differentiates among three characteristics: technical–electrical (e.g., power, voltage, holding duration), market (e.g., price,bid size, price cap, contract duration) [112], and support information(e.g., grid data via common information model (CIM)). Our approachaligns with the framework in [113]. The third category focuses ondata treatment. The interviewees emphasized the role of cyber secu-rity in LFM solutions, underscoring its importance in the context ofdata exchange and general data protection regulation (GDPR) [114].Our taxonomy addresses this by including a data sensitivity category,guided by National Institute of Standards and Technology (NIST) andConfidentiality, Integrity and Availability (CIA) frameworks [115,116].

4.4. Communication interoperability layer

Table 8 provides a communication interoperability taxonomy in-spired by selective layers of the Open Systems Interconnection (OSI)model [117]. This selection emerged from targeted interviews. Al-though resembling the Transmission Control Protocol/Internet Proto-col (TCP)/Internet Protocol (IP) model [118] and Enhanced Perfor-mance Architecture (EPA), our taxonomy accommodates smart grid-specific protocols like S0 used for Remote Terminal Unit (RTU) com-munication [108]. Similar to the function and information layer, werecommend practitioners should:
1. identify each link,2. classify each link using the taxonomy.
For the data transport category, we focus on the end-to-end re-liability dimension and distinguish between two key characteristics:acknowledgment, exemplified by TCP, and no acknowledgment, exem-plified by User Datagram Protocol (UDP).
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For the network infrastructure category, we identify two dimen-sions: management and coverage. Management is further categorizedinto public and private networks, while the coverage dimension followsthe Smart Grid Coordination Group classification, aligning with SGAMconcept (see Figure 16 — Mapping of communication networks on theSGAM. [20]).For the communication technologies category, we identify threedescriptive dimensions: Latency, divided into time-sensitive, whichrefers to the time limit for communication as crucial, and non-time-sensitive; Medium, representing either wireless or wired technologies;and Raw Data Rate, described qualitatively as low, medium, or high.Given the rapid pace of technological change, we opt for a qualitativeapproach (low, medium, or high). This approach allows practitioners todescribe their systems within the context of this taxonomy effectively.For the application protocol category, we focus on one dimen-sion: message-coupling. We identify two characteristics: client–serverand publish–subscribe. The client–server model features a hierarchicalstructure where information flows directly from server to client. Incontrast, the publish–subscribe model is non-hierarchical, involvinga broker to mediate information exchange between publishers andsubscribers.Lastly, we considered interoperability as a category, given its im-portance in smart grids [119]. To simplify such a complex category,we hone in on protocol standardization, addressing the core issue oftechnical interoperability [120]. We differentiate between open proto-cols that allow user implementation and proprietary ones that restrictusage and conceal internal details.
4.5. Component interoperability layer

Table 9 presents a taxonomy for the LFM component interoper-ability layer, blending power components like electrical networks withdevices or tools. We recommend practitioners use it as an overarchingsolution description, aligned with SGAM, rather than isolating eachcomponent for LFM use cases. We advise practitioners to follow thesesteps:
1. select the characteristic for the electrical network category;2. identify each component for classification;3. classify each tool identified based on the tools category.
However, we suggest choosing only the relevant categories for thosewho wish to apply the taxonomy to individual components, excludingthe electrical network.The first category is the electrical network. Electrical location mat-ters for flexibility provision as it influences power flow and line con-ditions. We categorize network structures into meshed, radial inter-connected, and radial. Meshed networks offer multiple paths for reli-ability. We consider ring structures to be simplified mesh networks.Radial interconnected structures are hierarchical but have reconfigu-ration devices for some merging. Radial networks are common andstraightforward, with all elements stemming from a substation.Flexibility assets are the sources of flexibility. They are units capableof changing their operation following a signal. They play a centralrole in LFM, as congestion problems are location-specific, and solvingcongestion could require a specific flexibility source (load, generation,or storage) and a specific voltage connection level (LV, MV, HV). Wedo not distinguish between market roles (such as generation, consumer,
Table 7Taxonomy based on the information interoperability layer.Category Dimension Characteristic MEContainer Data model Asset metering Flexibility Market Asset control Not specified YesContent Focus Technical-Electrical Market information Support information YesData treatment Sensitivity Public Confidential/Private Restricted Yes
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Table 8Taxonomy based on the communication interoperability layer.Category Dimension Characteristic MEData transport Reliability Acknowledgment No acknowledgment YesManagement Public Private YesCoverage SGAM – List YesLatency Time sensitive Non time sensitive YesMedium Wireless Wired YesRaw data rate Low Medium High YesApplication protocol Message-coupling Client-Server Publish-Subscribe YesInteroperability Protocol standardization Open Proprietary Yes

Networkinfrastructure
Communicationtechnologies
Table 9Taxonomy based on the component interoperability layer.Category Dimension Characteristic MEElectrical network Structure Meshed Radial interconnected Radial YesFlexibility source Load Generation Storage NoVoltage connection LV MV HV NoMetering & Control Device Smart meter IED - Off the shelf IED - Specific NoComputational location On-premise (Local) Cloud based (Third-party) YesData storage Centralized Decentralized Yes
Flexibility asset
Tools
or prosumer) as we only focus on the asset type for the componentinteroperability taxonomy.In LFM, device measurement and control are key aspects, as high-lighted in Sections 4.1 and 4.2. We categorize this under a singleabstract dimension: the device. We split it into two categories: smartmeters, intelligent electrical device (IED)-off-the-shelf or IED-specific.Smart meters are essential for data collection and validation but not forall flexibility assets. Some solutions use custom devices (IED-specific),while others opt for off-the-shelf to improve technical interoperability.Finally, our taxonomy highlights tools as essential components fortask execution, focusing on two primary dimensions: computationallocation and data storage. Computational location can be either on-premise or cloud-based. When computational power is provided byinternal servers belonging to the tool’s owning organization, we cat-egorize it as on-premise. This distinction is important for assessingvarying physical and cyber security requirements. Data storage is an-other crucial dimension, particularly given the rise in data sensitivityissues. We identify two types of storage: centralized and decentralized.In centralized storage, the data remains within the organization. Incontrast, decentralized storage involves external systems like third-party cloud services or Distributed Ledger Technologies (DLTs) [121].This is relevant for practitioners considering data storage options andtheir associated technological challenges.
5. Taxonomy examples

This section showcases the practical application of the taxonomythrough various use cases, including a detailed one involving the DSOElectricity North West Ltd. (ENWL) and Piclo’s LFM solution. Threemore use cases are in Appendix C, covering diverse contexts likedifferent countries, market platforms, and regulations. These additionalexamples include a UK case with NGED’s Flexible Power, a Dutch casefocusing on Grid Operators Platform for Congestion Spreads (GOPACS)and local DSO Enexis, and a Spanish case featuring an LFM solution byOMIE.
5.1. United Kingdom - electricity north west - Piclo

ENWL, a UK DNO transitioning to a DSO [122,123], oversees57,000 km of power lines and runs biannual Invitation to Tender (ITT)for local flexibility services. Their current tenders (so-called competi-tions) aim to procure local flexibility through a three-stage process:pre-tender, tender, and post-tender [124]. These are hosted on the
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Piclo Flex platform, an online marketplace for energy flexibility [63].
The latest ITT for Spring 2023 targets 1097 MW of flexibility across32 locations with a £ 10.1 m budget spanning 2023–2028 [125].Subsequent sections will focus on this specific tender.Our analysis centers on three specific competitions: ENWL-229,ENWL-230, and ENWL-238, omitting new developments by Piclo [126].The first two target Dynamic and Restore services in Alston, while thelatter focuses on Secure service in Bolton By Bowland. We examine arepresentative contract for each area to elucidate the taxonomy.
1. ENWL-229/Alston (Dynamic) W23/24 - All Day,2. ENWL-230/Alston (Restore) FY24 - All Day,3. ENWL-238 Bolton By Bowland (Secure) W27/28 - All Day.
The details of site-specific requirements and service parametersare available in [127] and the flexibility map of the Piclo Flex plat-form [128].

5.1.1. Business interoperability layer taxonomyTable 10 presents a business taxonomy for each selected compe-tition, noting that all deal with unplanned congestion managementneeds. Specifically, ENWL-238 targets pre-fault needs, while ENWL-229 and ENWL-230 focus on post-fault needs. The primary differencebetween the latter two is that ENWL-230 emphasizes flexibility duringnetwork re-energization caused by abnormalities.In each competition, the DSO is the flexibility buyer, with FSPsparticipating individually or in aggregated units. The market operatoris Piclo, an independent entity. The bidding window runs from July 10to 21, 2023, for service delivery between November 2023 and March2028. In our taxonomy, ENWL-238 is categorized as ‘‘long-term’’ due toits October 2027 delivery, while the other contracts start in November2023. The DSO seeks at the MV (11 kV) and LV (0.24 kV) levels. FSPsmust first pass the market and then the technical prequalificationsteps on the Piclo platform to participate. The market requires FSPsto register on the Dynamic Procurement System (DPS), a companyqualification assessment [129], while for the technical, they need tofill in a Prequalification Questionnaire on the Piclo platform.The three competitions have similar product attributes, as stan-dardized by the Energy Networks Association (ENA). These attributesinclude not exclusive: minimum flexibility capacity, frequency of use,and ramping period. All competitions seek upward active power andshare the same market-clearing design, operating in a one-sided marketwith DSO as the single buyer. The competitions differ mainly in theirremuneration structure: ENWL-229 favors higher energy payments,
ENWL-238 emphasizes capacity payments, and ENWL-230 offers only
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Table 10Business interoperability layer taxonomy for the three service products in the UK Electricity North West offers in Piclo.Category Dimension NWL-238/Bolton By Bowland (Secure) ENWL-229/Alston (Dynamic) ENWL-230/Alston (Restore)CM need Origin Unplanned (pre-fault) Unplanned (post-fault) Unplanned (restoration)Flexibility buyer DSO DSO DSO
Flexibility service provider Aggregator Individualprovider Aggregator Individualprovider Aggregator IndividualproviderMarket operator Independent commercial Independent commercial Independent commercialNegotiation time frame Long-term Mid-term Mid-termFlexibility need (grid level) DSO MV DSO LV DSO MV DSO LV DSO MV DSO LVOffer organization Congestion zone/s Congestion zone/s Congestion zone/sMarket access Prerequisites Technical Market Technical Market Technical MarketAttributes (Parameters) Standardized at country level Standardized at country level Standardized at country level
Transactional object Energy(Activation) Capacity(Availability) Energy(Activation) Capacity(Availability) Energy (Activation)
Power Active Power Active Power Active PowerDirection Upwards Upwards UpwardsMatching Call market (Tender) Call market (Tender) Call market (Tender)Demand/Supply formation One side Market One side Market One side MarketGrid constraint representation Bid limitation Bid limitation Bid limitationPricing rule Pay-as-bid Pay-as-bid Pay-as-bidFlexibility unit metering Asset Portfolio Asset Portfolio Asset Portfolio
Baseline method Historicaldata Alternativedata Historicaldata Alternativedata Historicaldata AlternativedataExternal coordination Does not implement coordination Does not implement coordination Does not implement coordinationExisting market interaction Undefined Undefined UndefinedEconomic Fees Fixed Variable Fixed Variable Fixed Variable
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Table 11Function taxonomy for the flexibility assessment and clearing functions.Category Dimension Characteristic - Flexibility Assessment Characteristic - ClearingObjective Scope Assessment TradingManagement Responsible System operator Third party operatorInput Multiple MultipleTrigger Manually AutomaticallyTime limitation Undefined UndefinedExecution Batch BatchResources High demanding Medium demanding
Computation
a premium energy payment. The Piclo Flex platform clears the marketbased solely on FSPs bids, with no grid information considered. Pay-ments follow a pay-as-bid system until the DSO meets its requirementsor reaches the area’s budget limit.ENWL measures at the point of supply, requiring each FSP to offerminute-by-minute asset data. ENWL uses various baseline methods likeMid 8-in-10 (uses data from the middle of the last 8 of 10 days); Mid 8-in-10 with Same Day Adjustment; Mid X-in-Y (the user can choose howmany days to consider and the length of same day adjustment), Nom-inated (self-declared baseline of the asset in advance of the flexibilitydispatch event) and Zero (assumes that the asset is not operating exceptfor when providing a flexible service). Consequently, our taxonomyincludes historical and alternative data as characteristics of the baselinedimension.The Piclo platform is an independent marketplace without externalmarket coordination or links to existing markets like intraday or day-ahead. Both the DSO and FSP incur fixed platform fees, and FSPs mayface variable fees for partial or non-fulfillment of contracts.
5.1.2. Function interoperability layer taxonomyFrom a functional point of view, we focus on three key functions:flexibility assessment, clearing, and order dispatch, selected based oninterview insights and remarks by authors in [31]. These functionsoperate consistently across different products and competitions. Ta-ble 11 and Table 12 provide a taxonomy tailored for classifying thesefunctions.The flexibility assessment function, managed by ENWL, identifiesand quantifies areas requiring flexibility to alleviate congestion. Thisinvolves gathering data, including forecasts and substation data. Typ-ically executed in a resource-intensive batch process, this function ismanually triggered without a set time frame (batch process).
12
The clearing function, managed by the Piclo platform, matches FSPsoffers with DSO flexibility needs specified in the tender. After clearing,Piclo informs the DSO of the matched bids, although the final bidselection is a two-stage and two-company process inherited from theirdesign. The clearing is an automated process with multiple inputs,executed after post-bidding, and operates in a batch mode withoutreal-time constraints, requiring medium-level resources.The dispatch activation function in Table 12, handled by the DSOon the Piclo platform, sends dispatch signals of winning bids to FSPs forall power products and competitions. We assume the following: it is amanual process with a single input—the output from the clearing stage.Time-sensitive and critical, it varies in execution: ‘‘secure’’ products aredispatched in batches a week ahead, while ‘‘dynamic’’ and ‘‘restore’’are near real-time, triggered as needed. This function requires lowresources, primarily for communication.
5.1.3. Information interoperability layer taxonomyWe used a dispatch signal as an example for our information tax-onomy represented in Table 13. We assume after speaking with Piclomanagers that the DSO sends the dispatch signal to the FSP throughthe Piclo platform using a JavaScript Object Notation (JSON) schemaknown as an ‘‘obligation’’. We considered it as ‘‘asset control’’ inour taxonomy; this signal includes both technical and support details.Technical information covers start/end times, capacity, and direction.Support information includes identifiers for both DSO and FSP, obli-gation ID, request for response, and signature. Given that it containssensitive identifiers, the dispatch signal is considered confidential.
5.1.4. Communication interoperability layer taxonomyLikewise, we examined the communication link between the DSOand FSP for dispatching signals in Table 14. The link uses Internet-based webhooks triggered by events and follows the standard TCP/IP



Applied Energy 357 (2024) 122203S. Potenciano Menci and O. Valarezo
Table 12Function taxonomy for the dispatch function.Category Dimension Characteristic - Secure Characteristic - Dynamic Characteristic - RestoreObjective Scope Dispatch Dispatch DispatchManagement Responsible System operator System operator System operatorInput Single Single SingleTrigger Manually Manually ManuallyTime limitation Defined Defined DefinedExecution Near real-time Near real-time Near real-timeResources Low demanding Low demanding Low demanding
Computation
Table 13Information taxonomy for the dispatch signal.Category Dimension CharacteristicContainer Data model Asset controlContent Focus Technical-Electrical SupportData treatment Sensitivity Confidential/Private
Table 14Communication taxonomy for the dispatch signal communication link.Category Dimension CharacteristicData transport Reliability (end-to-end) AcknowledgmentManagement PublicCoverage DSO market backhaul FSP market backhaulLatency Time sensitiveMedium WireRaw data rate LowApplication protocol Message-coupling Client-ServerInteroperability Protocol standardization Open

Networkinfrastructure
Communicationtechnologies
Table 15Component taxonomy.Category Dimension CharacteristicElectrical network Structure RadialFlexibility source Load GenerationVoltage connection LV MVMetering & Control Device Smart meter IED - Off the shelfComputational location Cloud based (Third-party)Data storage Decentralized
Flexibility asset
Tools - Dispatch
model. Acknowledgment is required for data transport. Given its useof the Internet, the link has extensive coverage, referred to as thebackhaul connection. We assume it is a wired link with a low datarate. The dispatch signals are time-sensitive, requiring low latency.The communication uses a client–server architecture with messagecoupling.
5.1.5. Component interoperability layer taxonomyTable 15 presents the taxonomy for the component interoperabilitylayer. We assumed a radial electrical LV and MV network, commonlyfound in Europe [130]. ENWL seeks flexibility from load and generationsources at these voltage levels. We excluded storage systems due touncertainty. Smart meters and IEDs are essential for metering andcontrol. The dispatch tool from Piclo, which uses a third-party cloud.According to Piclo’s engineers (whom we approached), the data isdecentralized across several servers.
6. Discussion and recommendations

This section synthesizes key insights and recommendations. Theseare drawn from the work conducted in this paper: literature and projectreview and analysis, expert interview comments, and the taxonomy
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instantiation over various LFM design solutions across Europe.
6.1. Taxonomy insights

First, the approach of organizing the taxonomy into five layers,aligned with the SGAM framework, streamlines the interpretation ofLFM solutions from multiple perspectives. This approach not onlyhighlights market-specific considerations but also reveals these solu-tions’ intrinsic nuance differences in their characteristics. We observethat this approach has four key advantages: (1) it provides a holisticoverview of the solutions, (2) it facilitates the rapid identification ofpertinent discussion topics across academic, industrial, and regulatorystakeholders, and (3) it allows for the mapping of design principles tospecific layers within the multi-tiered taxonomy. For example, marketneutrality and product design principles are closely linked with thebusiness layer, operational responsibilities correspond with the functionlayer, and issues of data clarity and interoperability resonate with theICT layers of the taxonomy.Second, while all the LFMs solutions analyzed in Section 5 andAppendix C operate under a common conceptual framework and aimto develop and use a platform-based LFM solution, our taxonomyunveils subtle yet impactful differences, as earlier inferred. These dis-tinctions often arise from a similar congestion management challengethat SOs face, but they implement different solutions to solve it. Wefound this diversity even within the same jurisdiction, such as theUK, where competing solutions adopt similar but nuanced approaches.
For instance, some solutions employ distinct remuneration schemes
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for energy and capacity to address specific grid congestion issues,thereby influencing their overall design. Another salient example is thedisparate management of the market-clearing function: one solutionemploys a third-party operator, while the other utilizes a SO. These ob-served variances underscore the necessity for a holistic taxonomy thathighlights and contextualizes these nuances in a harmonized formatapplicable to these solutions.Third, the choice of MO significantly shapes the governance dynam-ics of these LFMs solutions. Opting for either a third-party entity orthe SO as the MO brings its own set of advantages and drawbacks. Athird-party operator may strengthen market neutrality but necessitatesintricate coordination mechanisms for effective data sharing amongstakeholders, particularly regarding network-related information, in ahighly network-location-dependent problem. Contrariwise, designatingthe SO as both MO and flexibility buyer allows for the seamless inte-gration of network constraints into the LFM market clearing system. Itenhances the coordination and efficiency in procuring and operatingflexible resources but opens the market question of market neutrality.Fourth, the design of these LFMs solutions can be viewed as eitherrestrictive or liberating depending on the vantage point, whether it bethe FSP, SO, or any third-party. For example, unrestricted technicalmarket access may be favorable for attracting more FSPs. However,it could counterproductively diffuse the SO’s efforts to resolve specificgrid congestion challenges. The instantiated taxonomies also enlightenthe delicate balance required in formulating market penalties thatcan discourage FSP participation while ensuring grid security fromthe SO’s perspective. Additionally, certain design choices, such as thedirectionality of power flexibility, may be regulatory constraints thatlimit market participation. Yet, the necessity of such directionality iscontingent on the actual needs of the flexibility buyer. Another aspectwarranting attention is the impact of pricing rules on DSO. Typically,DSO revenues are a function of customer count and regulated networktariffs. Design characteristics like utilizing a pay-as-clear market pricingrule may result in uniform payments across FSPs, despite variances intheir technical impact on the network, thus potentially escalating costsfor the DSO. Nevertheless, the comprehensiveness of the taxonomy canaid stakeholders in recognizing and articulating these inherent designtrade-offs, reinforcing that no stakeholder is unduly favored in the LFMsolution design.Fifth, a notable concern is that many LFMs currently operate iso-lated and detached from existing power markets, which poses potentialrisks to market liquidity and long-term viability. To mitigate thesechallenges, some regions have pursued unique strategies. For example,in Spain, there is a natural integration with pre-established electricitymarkets due to shared operational agents (OMIE). Another avenueis to build interconnections within internal LFM markets, as demon-strated by Flexible Power, where non-fulfillment of long-term contractsautomatically activates shorter-term agreements. Nonetheless, the fullefficacy of these approaches can only be validated through analysis inthe coming years as they operate.Sixth, the product definition is central to the architecture of LFM so-lutions. Standardization of well-defined products has been observed toaccelerate the evolution of LFM markets, as exemplified by operationalmarkets in the United Kingdom and the Netherlands.Finally, our last insight underscores the potential need to period-ically review the taxonomy as policies and specific characteristics ofLFM solutions become more defined through forthcoming guidelinesand national regulations.
6.2. Recommendations

We propose the following recommendations from the previouslyderived observations and insights that can guide practitioners.
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1. Theoretical framework limitations: While the SGAM frameworkhas been instrumental in structuring our taxonomy, it has cer-tain limitations, especially in accommodating market-driven el-ements in only one unique layer (i.e., business), aligning withobservations by Paustian et al. [131]. Both our study and theirsadvocate for revising the SGAM to better accommodate market-driven paradigms.2. Unique taxonomy layer design: Our multi-layered taxonomy canserve as a foundational structure that could be adapted forother taxonomies-oriented services, other taxonomies (i.e., localelectricity markets), or ontologies of congestion managementservices. A single-layered taxonomy might not be practical oroptimal due to the numerous design characteristics inherent inLFM solutions.3. Addressing information gaps: We found a notable lack of infor-mation outside the business taxonomy layer, such as commu-nication protocols and device requirements. To mitigate this,we recommend utilizing the comprehensive taxonomy to en-hance the depth of documentation, thereby augmenting thetransparency and accessibility of LFM solutions.4. Consideration of several design principles: Given the power sys-tem structures and many different points of view, we recommendconsidering these points of view to collect the market designprinciples for developing solutions as otherwise solutions thatdo not feature these principles may face challenges and a lackof support from other stakeholders. For instance, Europex is apower exchange association that advocates for facilitating trans-parent and neutral market operations, openness to different flex-ibility resources, straightforward product design, adaptability tolocal needs, integration with existing markets, and responsibilityand incentive schemes for cost-effective system managementprinciples to be included in LFM solutions [132].5. Clarification of Governance and Operational Models: Upcomingregulations should clarify both high-level and granular roles andresponsibilities. This would offer guidelines applicable to bothSO-managed and third-party-managed LFMs.6. Push for market integration and liquidity: We recommend thedevelopment of mechanisms that allow cross-platform integra-tion and multi-service provisioning in LFMs as one additionalsolution to the currents previously explored. This approach islikely to enhance market liquidity and is congruent with broaderenergy market objectives, albeit it necessitates comprehensiveresearch, validation, and investment.7. Product Definition and Standardization: A minimum set of at-tributes should be defined as a template for all products, allow-ing ad-hoc attributes to be added as specific needs arise.8. Periodic Update: Taxonomies should be dynamic, not static,adapting to emerging new objects [75]. Hence, our final rec-ommendation is to review the taxonomy in the coming years.Since our recommendations are based on a period where LFMsolutions, with a focus on congestion management, are still indevelopment — and considering guidelines like those from ACER— it would be prudent to revisit the taxonomy after a few years,especially after the demand response framework guidelines andthe appearance of regulation from different jurisdictions.
7. Conclusion

The development of local flexibility markets platform solutionsis a rapidly growing and complex area within smart grid solutions.We have created a comprehensive, multi-layer taxonomy to under-stand better and analyze these solutions. Our multi-layer taxonomycontribution strives to describe, classify, and analyze local flexibilitymarket platforms, explicitly focusing on congestion management atthe distribution layer and consequently reducing the information frag-
mentation of information to be used when describing these solutions.
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We developed the multi-layer taxonomy following an iterative processinvolving sixteen iterations. We considered a range of projects, onlinedocumentation, expert opinions, and academic literature to ensure thatour multi-layer taxonomy was comprehensive and accurate. The resultis a five-layer taxonomy that aligns with the Smart Grid ArchitectureModel framework. This multi-layer taxonomy provides a completeclassification of local flexibility market platforms, facilitating a deeperunderstanding of their design characteristics.To demonstrate the applicability of our multi-layer taxonomy, wehave provided a complete example, focused on the Piclo local flexibilitymarket platform solution currently operating in the United Kingdom.Additionally, we have included three additional examples of use casesfrom the United Kingdom, the Netherlands, and Spain. These exampleshighlight the versatility and relevance of our taxonomy in capturingthe complexity of local flexibility market platform solutions. This isparticularly the case in the context of congestion management at thedistribution level.As highlighted in the discussion section, local flexibility marketssolutions evolve continually, and our taxonomy serves as a foundationalblock for further exploration and analysis. As the landscape of localflexibility markets expands in the future to include other services,our taxonomy provides a solid basis to accommodate the increasedcomplexity that may arise. By offering a structured and comprehen-sive approach, our taxonomy contributes to advancing knowledge andunderstanding of local flexibility market solutions. This will supportinformed decision-making, and foster innovation in the pursuit ofefficient and reliable smart grid systems.
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ppendix A. Taxonomy-building method steps

For clarity and convenience, we include Fig. A.1 in our appendix.e have taken it from [74], and it illustrates the sequential process
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ecessary for constructing a taxonomy.
Fig. A.1. Extended taxonomy design process (ETDP) taken from [74].

Appendix B. Evaluation questions

See Table B.1.
Appendix C. Additional taxonomy examples

C.1. United Kingdom - national grid - flexible power

NGED, rebranded from Western Power Distribution in September2022, operates as both a DNO and DSO in various regions. In 2018,they began procuring flexibility services through bi-annual tenders.We examined their 2022 s cycle tender, which ran from June 27 toOctober 3, 2022, and aimed to procure 297.69 MW of flexibility across47 locations for contracts lasting one to four years. From these locationsand contracts, we analyzed in detail the following two:
1. Grassmoor - Chesterfield (Secure),2. Aberaeron - Ceredigion (Dynamic)

C.1.1. Business taxonomyWe provide in Table C.2 the business layer taxonomy for the 2022tendering process second cycle.NGED uses their tender process to address potential network conges-tion issues, targeting both winter and summer constraints up to 2027.
While the Grassmoor-Chesterfield area focuses on pre-fault needs,
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Table B.1Overview of the battery of questions for the evaluation criteria.Criteria [84,85] Questions Definition of evaluation criteria [74]
Completeness Do you believe the taxonomy is now complete? The degree to which the structure of the artifactcontains all necessary elements and relationshipsbetween elements.
Ease of use Is the taxonomy easy to use? The degree to which the use of the artifact byindividuals is free of effort.
Simplicity Does it cover the essentials? The degree to which the structure of the artifactcontains the minimal number of elements andrelationships between elements.
Understandability Is it understandable? The degree to which the artifact can be comprehended,both at a global level and at the detailed level of theelements and relationships inside the artifact.
Fidelity withreal-world Can it help analyze LFM solutions focused oncongestion management in the EU? The degree to which the structure of the artifactcorresponds to the modeled reality.
Consistency Can it help to describe, understand, and classifyreal-world and upcoming solutions? Results from the ratio of completeness and simplicity.
Level of detail? Does it cover a sufficient degree of detail Results from the ratio of completeness and simplicity.
Robustness Is it robust enough for you to allocate informationacross the layers? The ability of the artifact to handle invalid inputs orstressful environmental conditions.
Table C.2Two service products business taxonomy from NGED in the UK.Category Dimension Characteristic - Grassmoor - Chesterfield (Secure) Characteristic -Aberaeron - Ceredigion (Dynamic)CM need Origin Unplanned (pre-fault) Unplanned (post-fault)Flexibility buyer DSO DSO
Flexibility service provider Aggregator Individualprovider Aggregator IndividualproviderMarket operator Network operator Network operatorNegotiation time frame Long-term Long-termFlexibility need (grid level) DSO MV DSO MVOffer organization Congestion zone/s Congestion zone/sMarket access Prerequisites Technical Market Technical MarketAttributes (Parameters) Standardized at country level Standardized at country level
Transactional object Energy(Activation) Capacity(Availability) Energy (Activation)
Power Active Power Active PowerDirection Upwards UpwardsMatching Call market (Tender) Call market (Tender)Demand/Supply formation One side Market One side MarketGrid constraint representation Bid limitation Bid limitationPricing rule Pay-as-clear Pay-as-clearFlexibility unit metering Portfolio Asset Portfolio Asset
Baseline method Historicaldata Alternativedata Historicaldata AlternativedataExternal coordination Does not implement coordination Does not implement coordinationExisting market interaction Undefined UndefinedEconomic Fees Variable Variable

Participants
Marketscope

Product

Clearing
Meteringverification
Integration
mf
Aberaeron-Ceredigion deals with post-fault scenarios. Both rely onNGED as the DSO, market operators and flexibility buyers, workingwith aggregators and individual providers through the Flexible Powerplatform. Our focus was on long-term contracts for Secure and Dy-namic services in 2022, but NGED plans to fulfill remaining needsthrough shorter-term products. For example, they require 2.73 MW inGrassmoor-Chesterfield and 0.74 MW in Aberaeron-Ceredigion. Unmetlonger-term needs will trigger a short-term market. The flexibility gridlevel varies by area but both analyzed locations require DSO MVflexibility. NGED has specific technical and market criteria for FSPsto participate in their flexibility tenders. At the same time, they sharesimilarities with ENWL’s taxonomy (Section 4), NGED like DPS, itemploys adapted terms, like Pre-Qualification Questionnaire (PQQ).Concerning the product, the taxonomy is the same as ENWL’s busi-ness taxonomy in Section 5.1. In the UK, the attributes are standardizedat the country level, with the technicality that NGED uses adapted ter-
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minology for the same concepts. Both competitions seek upward active g
power using a call market approach for long-term contracts, drivenby the DSO (one-sided market). In these cases, the grid representationis also limited to the bid information following a pay-as-clear pricingrule. However, it is necessary to note that NGED also has maximumselling prices for each product type and area. For example, for 2023 theGrassmoor (Secure) area and their long-term flexibility has a capacity(availability) selling price of £1252/MWh and an energy (activation orutilization) ceiling price of £1753/MWh.For metering and verification, NGED utilizes Flexible Power, requir-ing FSPs to form dispatch groups with one or multiple meterable unitsper congestion area. These units can be single or aggregated assets. Inour taxonomy, we categorize these as either portfolio or asset. NGEDainly uses historical data for baselines, calculating average demandrom the past month’s first three weeks and using the last 75 h forenerators.



Applied Energy 357 (2024) 122203S. Potenciano Menci and O. Valarezo
Regarding integration and fees, like ENWL, NGED operates in isola-tion with no external market interaction. Fees are variable and act aspenalties; FSPs see payment reductions based on delivery accuracy.
C.1.2. Function taxonomyRegarding the function taxonomy, we provide three examples ofdifferent functions in Table C.3. The classification applies to any ofthe 47 locations where the tender process occurs, including the areaof Grassmoor - Chesterfield (Secure) and Aberaeron - Ceredigion (Dy-namic).The flexibility assessment function, conducted by the DSO, involvesmultiple internal steps, including network impact assessments andcost–benefit analyses, as detailed in [133]. We assume it to be man-ually triggered and resource-intensive, requiring various scenarios foroptimal operation.The clearing function, managed by the DSO, we assume to havemultiple inputs and automatically triggers as competitions close, giventhe limited online information available. Furthermore, we assume itplaces medium resource demands by comparing and ranking bids basedon price and that there is no specified time limit for its execution.NGED manages the order dispatch function consistently across allcompetition types and time frames. We assume, an operator manu-ally triggers this function and has a single input. It has a 15-minutetime limit for execution ahead of activation. Due to its near-real-timerequirement, it places low demands on resources.
C.2. The Netherlands - Enexis

Enexis, one of the seven primary DSOs in the Netherlands, usestwo solutions for local flexibility: their own Grid and ManagementService (GMS) [19] and the widely-used GOPACS [60]. The latteris not technically a market platform as remarked in [31,134] but is
17
significant for short-term congestion management in the Dutch market.We included a taxonomy for Enexis for two reasons: to test if ourtaxonomy can apply to solutions not traditionally considered as LFM,and to help Enexis align (prescription) its GMS or the GOPACS solutionwith upcoming demand-response frameworks from ACER.
C.2.1. Business - GOPACSIn the Enexis case study using GOPACS, we outline a businesstaxonomy in Table C.4. GOPACS serves as a short-term, unplanned con-gestion management solution involving Enexis, aggregators, and flexi-bility providers. Despite lacking a traditional market operator, GOPACSrelies on ENERGY TRADING PLATFORM AMSTERDAM (ETPA) [135]or potentially EPEX SPOT in the future [136], leading us to categorizethe market operator dimension as independent regulated.In the case of GOPACS, the short-term negotiation focuses on un-planned flexibility needs. FSPs must meet technical and market pre-requisites to participate. Technically, they must obtain a Congestionmanagement Service Provider (CSP) approval from Tennet, the TSO,and undergo a DSO-led pre-qualification for each congestion point.Unlike other systems, no physical tests (ex-ante) are required in pre-qualification. Market-wise, FSPs must register with Energie Data Ser-vices Nederland (EDSN) and sign the intra-day congestion spreads(IDCONS) participation agreement, providing a list of 18-digit Euro-pean article numbering (EAN) codes that identify electrical connec-tions. They must also have an agreement with a market connected toGOPACS, currently ETPA.In GOPACS, the only available product is IDCONS, which is notstandardized at a national level, unlike in the UK. An IDCONS mustspecify power, time of use, price, and, importantly, the EAN code. Itremunerates solely based on declared energy. An IDCONS comprisesan order and a contra-order, which balances the system. The pricedifference between these orders is termed ‘‘the spread’’, covered by
Table C.3Function taxonomy for three different functions.Category Dimension Characteristic - Flexibility Assessment Characteristic - Clearing Characteristic - Order dispatchObjective Scope Assessment Trading DispatchManagement Manager System operator System operator System operatorInput Multiple Multiple SingleTrigger Manually Automatically ManuallyTime limitation Undefined Defined DefinedExecution Batch Batch Near real-timeResources High demanding Medium demanding Low demanding
Computation
Table C.4Short-term service LFMs business taxonomy from Enexis in the Netherlands.Category Dimension Characteristic – GOPACS Short-termCM need Origin UnplannedFlexibility buyer DSOFlexibility service provider Aggregator Individual providerMarket operator Independent regulatedNegotiation time frame Short-termFlexibility need (grid level) DSO HVOffer organization Congestion zone/sMarket access Prerequisites Technical MarketAttributes (Parameters) Standardized at UC/BC onlyTransactional object Energy (Activation)Power Active PowerDirection Upwards DownwardsMatching ContinuousDemand/Supply formation One side MarketGrid constraint representation Bid limitationPricing rule Pay-as-bidFlexibility unit metering AssetBaseline method Alternative dataExternal coordination Implements MO/s coordinationExisting market interaction DefinedEconomic Fees Fixed
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Marketscope

Product

Clearing
Meteringverification
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the DSO. When congestion occurs, the DSO can request flexibility fromGOPACS. FSPs then submit offers in either buy or sell orders, dependingon the specific needs of the congested area. A buy order aims to reducegeneration or increase consumption, while a sell order aims to increasegeneration or reduce consumption. The order direction will depend onthe flexibility required in the area the DSO faces congestion.In GOPACS, the bid-matching is conducted in tender mode withopening and closing times set by the DSO. While not a market, GOPACScollaborates with market operators like ETPA and the forthcomingEPEX Spot for market clearing. The system gathers all buy and sellorders, matches them, and then passes the results to the DSO. Enexis,the DSO, ultimately selects the offer with the lowest spread price.We categorize this arrangement as a one-sided market, where Enexisdrives the final offer selection. The algorithm focuses solely on bidinformation, making bid limitation a key characteristic. The pricing ruleis pay-as-bid, but with the nuance that the DSO pays only the spread. Inthe short-term market, the FSP gets their bid price for the offer, whilein the contra-area, they receive both the market price and the spread.In GOPACS, metering is asset-specific, as indicated by the require-ment for an EAN from the FSP. The DSO, Enexis, relies on T-prognosisdata for generation and consumption, which aligns with Dutch reg-ulation — Article 5.1; par.5.1.1.1 and 5.1.1.2 [137]. Although otherbaselines can be agreed upon with the FSP, Enexis uses T-prognosis asits data source. Therefore, we categorize this as alternative data.The integration feature of GOPACS sets it apart as it not onlyddresses local congestion issues but also considers the broader marketmpact. It coordinates with market operators and is currently integratedith ETPA, with plans to include EPEX SPOT. In terms of our tax-nomy, this is classified as market operator coordination for externalcoordination and defined for existing market interaction. Economically,the platform operates on a subscription-based model with fixed annualfees. Currently, there are no variable fees involved.
C.2.2. Potential future design for longer negotiation time framesIn a follow-up interview, we suggest a possible market design(prescription) to help Enexis select or design a new market to com-plement the current GOPACS solution. Given the trend among DSOs,particularly in the UK, to incorporate long-term flexibility procurementinto their network planning, our proposed market design aims to meetthis need for Enexis as collected in Table C.5.To adapt the current GOPACS system to future needs, we proposefour main changes across different categories: congestion management,
18

market scope, product, and economics.
1. Congestion Management: We recommend shifting the charac-teristic in the origin dimension from unplanned to planned. Thisaligns with the concept of integrating flexibility procurementinto network planning, thereby allowing for better foresight andpreparation.2. Market Scope: In the negotiation time frame dimension, we sug-gest moving from a short-term to a long-term focus. This alignswith the overall shift toward more strategic, planned approaches.3. Product: We recommend standardization for the attributes di-mension. A nationally standardized product can streamline themarket and provide guarantees, benefiting Enexis and otherDutch DSOs.4. Economics: Regarding fees, penalties are crucial for DSOs toensure compliance. However, they must be balanced carefullyto avoid deterring participation, especially in markets dependenton network situations that vary widely in stress levels. Therefore,DSOs must find a balance that encourages FSPs to participate,even if flexibility provision is not their primary business.
C.3. Spain - OIME’s local flexibility solution

OMIE is the NEMO for the Iberian Peninsula’s (Spain and Portugal)day-ahead and intraday electricity markets. They are actively devel-oping an integrated LFM solution. Although the platform is still indevelopment and subject to changes due to evolving regulations, wehave included it in our analysis based on the most recent data fromOctober 2022. The solution’s integration with other markets makes itparticularly relevant to our study.
C.3.1. Business taxonomyTo condense, OMIE traditionally recognizes only day-ahead andintraday markets. However, for our analysis, we have divided theirplatform into four distinct market designs to capture its inherent com-plexities. We present these in two business taxonomies: one for theirlong-term and mid-term markets (Table C.6), and another for their day-ahead and intraday markets (Table C.7). This differentiation allows usto analyze OMIE’s LFM in a more nuanced manner, and our taxonomiesare based on available data and consultations with OMIE experts.These four market designs differ in four critical dimensions:

1. Origin of Congestion Management: Long-term and mid-termmarkets focus on planned flexibility, aiding DSOs in long-termplanning and DER integration. Short-term markets target un-
planned, immediate congestion scenarios.

Table C.5Potential design for long-term flexibility procurement solution.Category Dimension Characteristic – Potential LFM Long-termCM need Origin PlannedFlexibility buyer DSOFlexibility service provider Aggregator Individual providerMarket operator Independent regulatedNegotiation time frame Long-termFlexibility need (grid level) DSO HVOffer organization Congestion zone/sMarket access Prerequisites Technical MarketAttributes (Parameters) Standardized at country levelTransactional object Energy (Activation) Capacity (Availability)Power Active PowerDirection Upwards DownwardsMatching Call market (Tender)Demand/Supply formation One side MarketGrid constraint representation Bid limitationPricing rule Pay-as-bidFlexibility unit metering AssetBaseline method Alternative dataExternal coordination Implements MO/s coordinationExisting market interaction DefinedEconomic Fees Fixed Variable

Participants
Marketscope

Product

Clearing
Meteringverification
Integration
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2. Negotiation Time Frame: The long-term market deals with years-ahead planning, the mid-term market focuses on monthly plan-ning, the day-ahead is for next-day procurement, and the intra-day market is for same-day needs, targeting isolated systems.3. Transactional Object: Long-term and mid-term markets compen-sate for both energy and capacity, with an emphasis on capacity.The short-term markets only pay for the energy.4. Market Clearing Matching: All markets except the intraday mar-ket are tender-based, initiated by the DSO’s specific needs. Theintraday market uses a continuous market clearing algorithm.
These designs offer DSOs a range of options to manage both plannednd unplanned congestion, from long-term strategies to immediateame-day actions.In turn, these markets share several similarities across various di-ensions. These markets primarily serve the needs of DSOs in manag-ng congestion. Participants can include both aggregators and individ-al providers, with OMIE acting as an independently regulated marketperator. These markets focus on assets connected to a DSO’s mediumoltage grid, specifically those in designated congestion zones. To
19

articipate, assets must meet technical and market pre-conditions. For c
technical criteria, assets undergo a prequalification process, typicallyinitiated by the DSO [62,76]. On the market side, FSPs must have atrading account on OMIE’s platform and meet document requirements.We assumed that the attributes are standardized at the country level,and all markets focus on trading active power in either direction. Themarkets operate under a one-sided model driven by the DSO and utilizea pay-as-bid pricing mechanism for market clearing with limited bidinformation.OMIE allows FSPs to offer either a collection or individual as-sets for metering and verification. Baselines can be historical data,forecasts, or real-time nominations from short-term markets. A dis-tinctive feature is the integration of short-term LFMs with OMIE’sexisting platform, which also serves European markets in the IberianPeninsula. Therefore, we categorized it as MO coordination and definedor existing market interaction based on [62,76]. Economically, theolution involves both fixed and variable fees. Fixed fees cover platformonnectivity for DSO and FSPs, while variable fees pertain to penaltiesor non-fulfillment [62]. However, it is important to remark that these
urrent designs might evolve as new regulations emerge.

Table C.6Long-term and mid-term LFMs business taxonomy from OMIE in Spain.Category Dimension Characteristic - Long-term Characteristic - Mid-termCM need Origin Planned PlannedFlexibility buyer DSO DSO

Flexibility service provider Aggregator Individualprovider Aggregator IndividualproviderMarket operator Independent regulated Independent regulatedNegotiation time frame Long-term Mid-termFlexibility need (grid level) DSO MV DSO MVOffer organization Congestion zone/s Congestion zone/sMarket access Prerequisites Technical Market Technical MarketAttributes (Parameters) Standardized at country level Standardized at country level
Transactional object Energy(Activation) Capacity(Availability) Energy(Activation) Capacity(Availability)Power Active Power Active PowerDirection Upwards Downwards Upwards DownwardsMatching Call market (Tender) Call market (Tender)Demand/Supply formation One side Market One side MarketGrid constraint representation Bid limitation Bid limitationPricing rule Pay-as-bid Pay-as-bidFlexibility unit metering Portfolio Asset Portfolio Asset
Baseline method Historicaldata Alternativedata Historicaldata AlternativedataExternal coordination Implements NO/s coordination Implements NO/s coordinationExisting market interaction Defined DefinedEconomic Fees Fixed Variable Fixed Variable

Participants
Market scope

Product

Clearing
Meteringverification
Integration
Table C.7Short-term day-ahead and intraday LFMs taxonomy from OMIE in Spain.Category Dimension Characteristic - Short-term DA Characteristic - Short-term IDCM need Origin Unplanned UnplannedFlexibility buyer DSO DSO
Flexibility service provider Aggregator Individualprovider Aggregator IndividualproviderMarket operator Independent regulated Independent regulatedNegotiation time frame Short-term Real-timeFlexibility need (grid level) DSO MV DSO MVOffer organization Congestion zone/s Congestion zone/sMarket access Prerequisites Technical Market Technical MarketAttributes (Parameters) Standardized at country level Standardized at country levelTransactional object Energy (Activation) Energy (Activation)Power Active Power Active PowerDirection Upwards Downwards Upwards DownwardsMatching Call market (Tender) Call market (Tender)Demand/Supply formation One side Market One side MarketGrid constraint representation Bid limitation Bid limitationPricing rule Pay-as-bid Pay-as-bidFlexibility unit metering Portfolio Asset Portfolio AssetBaseline method Historical data Alternative data Historical data Alternative dataExternal coordination Implements MO coordination Implements MO coordinationExisting market interaction Defined DefinedEconomic Fees Fixed Variable

Participants
Market scope

Product

Clearing
Meteringverification
Integration
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