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Abstract. Positive Energy Districts are a cornerstone of Europe’s urban energy transition, but their 

effective delivery depends on the interaction between top-down regulation and bottom-up behavioural 

engagement. This paper provides an integrated review of two interdependent pillars of PED implementation: 

European regulatory framework that enables PED development and user behaviour that shape real-world 

energy outcomes. On the regulatory side, the review analyses Renewable Energy Directive in its second and 

third iterations, Internal Electricity Market Directive, Energy Efficiency Directive and Energy Performance 

of Buildings Directive, alongside strategic instruments such as REPowerEU and the Recovery and 

Resilience Facility. Together, these measures create the conditions for energy communities, prosumer 

participation and district-scale investment. On the behaviour side, the paper synthesises evidence on social 

norm and gamification approaches and energy sufficiency measures such as thermostat set-point 

management, space sufficiency, shared communal infrastructure and proximity-based planning. It also 

reviews behavioural drivers of the energy performance gap, estimated at 10 to 34 % across building types. 

The review examines prosumer governance, energy sufficiency and equity implications, showing that 

behavioural and social interventions represent a non-substitutable layer of PED strategy that cannot be 

captured by technical metrics alone. The synthesis demonstrates a symbiotic relationship: policy provides 

the institutional basis for PEDs, while user engagement and sufficiency practices help achieve energy 

balance targets and wider social and environmental objectives. The findings point to the need for stochastic 

occupant behaviour modelling, equity-oriented governance and monitoring of combined sufficiency, 

efficiency and flexibility strategies in operational PEDs. 

1 Introduction 

This paper adopts an integrative narrative review 

approach, synthesising findings from two distinct but 

interconnected bodies of literature: (i) EU regulatory 

and policy instruments relevant to district-scale energy 

transitions and (ii) empirical and conceptual research on 

user behaviour, energy sufficiency and prosumer 

governance in PED and PED-adjacent contexts. The 

review does not follow a formal systematic protocol but 

instead applies a structured thematic search strategy 

designed to capture the breadth of an inherently 

interdisciplinary field. 

Literature was sourced primarily from peer-

reviewed journals indexed in Scopus and Web of 

Science, supplemented by EU legislative texts, official 

policy communications, JPI Urban Europe framework 

documents and IEA EBC Annex 83 programme outputs. 

The search was conducted between October and 

December 2025 using combinations of key terms 

including “positive energy district”, “energy 
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community”, “prosumer governance”, “energy 

performance gap”, “energy sufficiency”, “gamification 

AND energy” and “behavioural intervention AND 

building”. No strict date filter was applied; however, the 

review prioritises post-2018 publications to capture the 

regulatory landscape following the Clean Energy for All 

Europeans package while retaining foundational 

theoretical works where necessary. 

Studies were selected for inclusion based on three 

criteria: (a) direct relevance to PED design, governance 

or performance assessment; (b) substantive engagement 

with demand-side or behavioural dimensions of district-

scale energy systems; and (c) empirical grounding or 

robust conceptual framing. Backward and forward 

citation tracking was used to identify additional relevant 

works from reference lists of initially selected articles. 

The regulatory analysis is based on the consolidated 

directive texts as published in the Official Journal of the 

European Union, cross-referenced with transposition 

assessments from the academic literature. 

The paper is organised around two thematic pillars. 

Section 1 examines the European legislative framework 

      
EPJ Web of Conferences 372, 05006 (2026) https://doi.org/10.1051/epjconf/202637205006

APS 2026

   © The Authors,  published  by EDP Sciences.  This  is  an open  access  article distributed under the  terms of the Creative Commons Attribution License 4.0
 (http ://creativecommons.org/licenses/by/4.0/). s

mailto:author@email.org


and strategic instruments that create the institutional 

conditions for PED deployment. Section 2 addresses 

user behaviour through four sub-themes: the energy 

performance gap and its behavioural determinants; 

governance and equity dimensions; gamification and 

community energy challenges; and energy sufficiency 

as a planning concept. This dual-pillar structure reflects 

the paper’s core argument that regulatory enablement 

and behavioural engagement are structurally 

interdependent and must be analysed in conjunction. 

2 1. European legislative framework 

European legislative framework and support policies 

establish the essential regulatory and financial 

groundwork for Positive Energy District (PEDs). 

Renewable Energy Directives (RED) and the Energy 

Performance of Buildings Directive (EPBD) are 

instrumental in defining concepts such as "renewable 

energy community" and supporting the integration of 

community energy into urban planning [1], [2]. This 

framework aims to remove administrative and 

regulatory barriers and ensure non-discriminatory 

treatment, enabling activities like energy sharing, 

production, consumption, storage and sale within 

communities, ultimately creating an "enabling 

framework" for PEDs [1] - [3]. Strategic initiatives such 

as REPowerEU and financial mechanisms, which play 

structural roles in European initiatives, accelerate 

deployment and provide necessary funding for these 

districts [4]. Policies and regulatory interdependencies 

are critical for sustainable business development and, 

along with funding strategies, facilitate the technical and 

economic viability of PEDs [5], [6]. 

However, the success of these policy efforts heavily 

relies on the engagement and actions of individuals, 

which is addressed by the user behaviour and energy 

sufficiency strategies in PEDs. Academic and policy 

literature, including Joint Programming Initiative (JPI) 

Urban Europe Reference Framework and the 

International Energy Agency (IEA) EBC Annex 83 

programme, explicitly emphasize that behavioural, 

social and institutional dimensions are "indispensable 

components" and "co-equal pillars" of PEDs [7], [8]. 

User behaviour is recognized as a significant source of 

uncertainty in energy modelling, highlighting the need 

for active user engagement and prosumer involvement 

[9], [10]. PED frameworks, unlike previous net-zero 

concepts, are explicitly committed to energy justice, 

citizen participation or preventing energy poverty, 

embedding behavioural and social aspects from the 

outset [10], [11]. JPI Urban Europe has extended PED 

definition towards inclusiveness and human-centricity, 

aligning with goal of ensuring a "good life for all" in line 

with social, economic and environmental sustainability 

[8], [12]. 

In essence, the legislative framework provides the 

means for PEDs to exist and function, while user 

behaviour and energy sufficiency strategies represent 

the human element that drives their effectiveness and 

ensures their social and environmental goals are met. 

For example, while the Energy efficiency Directive 

(EED) and EPBD integrate community energy into 

urban planning [13], actual energy savings and reduced 

demand depend on "energy sufficiency as a planning 

concept and a set of concrete measures" at the user level, 

influencing consumption patterns and reducing overall 

energy requirements [14] - [17]. Similarly, the Social 

Climate Fund is designed to provide financial support 

and investments primarily benefiting vulnerable 

households at risk of energy or transport poverty, 

directly linking policy to behavioural outcomes, 

especially in vulnerable households [18] - [20]. 

While EU legislation increasingly supports PED 

deployment, its operational relevance at district scale 

remains uneven. The most consequential instruments 

are threefold. First, RED II Article 22 on renewable 

energy communities and Directive 2019/944 Article 16 

on citizen energy communities establish the legal basis 

for collective generation, sharing, storage and sale of 

energy at district level, making them foundational for 

PED implementation. Second, the EPBD recast 

introduces renovation passports, minimum energy 

performance standards for worst-performing buildings, 

and solar-readiness requirements, directly shaping 

renovation depth and on-site renewable potential within 

PEDs. Third, the EED recast requires local assessments 

of district heating and cooling, creating a clear link with 

PED thermal planning. 

Despite this framework, several structural gaps 

remain. The first is transposition asymmetry: REC 

provisions have been implemented unevenly across 

member states, with some imposing restrictions such as 

proximity rules, membership thresholds or capacity caps 

that limit district-scale aggregation. The second is the 

absence of a distinct district-scale regulatory category in 

EU law. Existing directives mainly address either 

individual buildings or wider energy systems, leaving 

PEDs to rely on fragmented legal provisions without a 

formal definition, standard boundary methodology, or 

compliance metric. The third gap concerns the 

disconnect between energy-sharing rights and grid-

access regulation. Although EU law enables community 

energy sharing, practical implementation is often 

constrained by national rules on metering, tariffs, 

balancing and DSO procedures, particularly where 

virtual sharing is required. A final gap is the weak 

integration of energy sufficiency into the regulatory 

framework. Current directives prioritise efficiency 

rather than absolute demand reduction, offering little 

support for measures such as shared infrastructure, 

reduced floor area, or service optimisation, even though 

these are often critical for achieving PED energy 

balance. 

3 Specific user behaviour 

Present research demonstrate a symbiotic relationship: 

the top-down policy environment creates the 

opportunity for PEDs, and the bottom-up engagement of 

users and communities ensures their practical 

implementation, sustainability, and alignment with 

broader societal benefits [21].  
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The following sections examines the specific 

measures relating to user behaviour and energy 

sufficiency documented across the peer-reviewed 

literature and EU policy frameworks applicable to 

PEDs. This paper is organised into four thematic areas: 

energy performance gap and its behavioural 

determinants; governance and equity dimensions of 

demand-side transformation; gamification and 

community engagement and energy sufficiency as a 

planning concept.  

3.1 Energy performance gap and its 
behavioural determinants 

Energy performance gap (EPG) constitutes a structural 

risk for PED energy balance calculations, which rely on 

modelling-derived demand estimates. The literature 

documents substantial and systematic gaps across 

building typologies and climate contexts. A study 

reported an average performance gap of 34% across 62 

non-residential buildings [22]. It was documented that 

the gap can reach up to 300% between predicted and 

actual energy use in individual cases [23].  

A rigorous examination of the EPG literature 

concludes that the frequently cited assertion that 

occupants constitute the primary cause of the 

performance gap is insufficiently substantiated by the 

available evidence [24]. Their review of 144 

publications found that while occupant behaviour can 

plausibly influence energy performance through 

temperature set-point manipulation, window operation, 

plug-load scheduling and appliance use, the 

methodological quality of most EPG studies is 

insufficient to establish causality. The most frequently 

identified occupant-related contributors to EPG in the 

reviewed corpus are plug-load schedules (40%), 

window operation (36%), and thermostat set-point 

settings (33%). Behavioural interventions designed 

specifically to close the EPG have demonstrated 

effectiveness in retrofitted social housing contexts. A 

pilot study deployed social comparison interventions in 

retrofitted social housing and found that combining 

technical retrofit with occupant behaviour intervention 

was necessary to realise the full predicted energy 

savings, as occupants in the untreated group exhibited 

consumption patterns that partially offset the retrofit’s 

technical gains [25].  

The practical implication for PED planning is that 

computational energy balance models must incorporate 

stochastic occupant behaviour profiles rather than 

deterministic standard schedules.  

3.2 Governance and equity dimensions  

The JPI Urban Europe PED Reference Framework 

designates prosumers as active participants in district 

energy management rather than passive beneficiaries of 

infrastructure improvements [26]. The transition from 

passive consumption to active prosumption represents a 

behavioural and institutional change of considerable 

depth, requiring new competencies, new forms of inter-

household trust and new legal and organisational 

structures. 

Energy communities are formally recognised under 

EU Directive 2018/2001 on renewable energy (recast 

2023) and Directive 2019/944 on the internal electricity 

market. A systematic review finds that collective energy 

community arrangements achieve 23% higher self-

consumption, 7% lower CO₂ emissions, and 35% lower 

energy costs compared to equivalent individual 

prosumer configurations [27]. Specific research analyse 

citizen participation in energy systems through 

Arnstein’s Ladder of Participation and find that most EU 

energy community initiatives remain confined to the 

lower rungs identifying a persistent governance gap that 

limits trust-building and the depth of behavioural 

engagement [28]. 

The +CityxChange project in Trondheim and 

Limerick deployed structured citizen engagement 

processes to build prosumer capacity within Positive 

Energy Blocks [29]. Post-implementation monitoring in 

Trondheim documented 16 buildings and 29 assets 

participating in real-time local energy and flexibility 

markets [29]. The Schoonschip community in 

Amsterdam, developed through a decade-long co-

creation process involving 52 households, achieved 

approximately 80% self-consumption and operates as a 

community-governed energy cooperative, 

demonstrating that sustained participatory processes can 

produce high-performance energy outcomes alongside 

strong community identity. 

Energy literacy is identified across the PED 

literature as a precondition for meaningful prosumer 

participation. It was documented, through a World Café 

methodology at the IEA EBC Annex 83 conference, that 

bridging the knowledge gap among the public, local 

administrators, and city-level operators is essential for 

successful PED implementation [30]. Capacity building 

must therefore address not only individual householders 

but also building managers, municipal officials, and 

energy cooperative administrators. 

Sahakian argue that energy literacy interventions are 

most effective when embedded within broader social 

practices rather than delivered as standalone 

informational campaigns [17]. “Déclics” gamification 

study illustrates this principle: energy-saving 

behaviours were more durably adopted when integrated 

into established social practices than when targeted in 

isolation [31]. 

Social innovation has been identified as a 

complementary mechanism to technical innovation in 

PED implementation [32]. There are evidence that 

present documented examples of co-housing and 

cooperative housing projects in which collective 

governance arrangements produce per-capita energy 

consumption levels 30-50% below national averages 

without technology packages exceeding passive house 

standards and heat recovery ventilation [33]. These 

cases demonstrate that organisational innovation can 

partially substitute for capital technical measures, with 

relevance for PEDs in social housing contexts where 

upfront investment capacity is constrained. 

The deployment of behavioural and sufficiency 

measures within PEDs introduces distributional equity 
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questions that the literature has begun to address with 

increasing rigour. The evidence indicates that uniform 

thermostat set-point reduction policies have uneven 

distributional effects: tenants in poorly insulated homes 

are more likely to experience disproportionate thermal 

discomfort under mandated temperature cuts, whereas 

residents of well-insulated buildings can accommodate 

comparable reductions with little or no loss of comfort 

[34].  This asymmetry constitutes the structural capacity 

to reduce energy consumption without sacrificing 

wellbeing, conditioned on dwelling quality and 

correlated with socioeconomic status. 

A particularly PED-specific assessment of energy 

vulnerability is provided through a systematic analysis 

of stakeholder perceptions of vulnerability-mitigation 

measures and their integration into PED design and 

decision-making processes across five EU pilot cities 

[35]. Energy vulnerability is found to be consistently 

underweighted relative to technical performance 

objectives, and prosumer participation mechanisms are 

less accessible to vulnerable households due to barriers 

including digital interface complexity, financial 

preconditions for prosumption and administrative 

complexity. The study recommends vulnerability 

impact assessment as a mandatory component of PED 

planning frameworks [35]. EED introduces provisions 

for energy communities to protect vulnerable members 

and providing a regulatory foundation for equity-

integrated PED governance. 

3.3 Gamification and community energy 
challenges 

Gamification applies game-design elements to energy 

consumption management to increase occupant 

engagement beyond what purely informational 

approaches achieve. Modelling studies indicate that 

renewable energy community configurations can 

increase local self-consumption and self-sufficiency 

while delivering major bill reductions up to roughly 35–

45%, alongside measurable CO₂ cuts of about 6% in an 

operationally modelled local community case study 

[36], [37]. One research that studied the French 

“Déclics” challenge and identified several 

transformative household energy practices that were 

accelerated through gamification incentives [31]. 

Specific research proposed an interdisciplinary 

framework connecting theories of planned behaviour, 

social learning, and self-determination with 

gamification mechanics for smart meter engagement, 

noting that intrinsic motivation sustains engagement 

more durably than extrinsic reward [38], [39], [40]. For 

PEDs, gamification platforms could serve both a 

demand reduction and a community formation function. 

They reduce the peak loads that storage systems and grid 

exchange must absorb while simultaneously building 

the shared identity and collective efficacy that underpin 

prosumer communities. Schoonschip community in 

Amsterdam integrates competitive self-consumption 

metrics into its peer-to-peer energy trading interface, 

exemplifying the convergence of gamification and local 

energy market mechanisms in an operational PED 

setting [41]. 

3.4 Energy sufficiency 

Energy sufficiency is a concept distinct from energy 

efficiency. Whereas efficiency concerns the ratio of 

useful output to energy input for a given service level, 

sufficiency addresses the appropriateness of the service 

level itself, whether demand for energy services is 

commensurate with human wellbeing and ecological 

boundaries. Academic definition, characterises energy 

sufficiency as a state in which people’s basic needs for 

energy services are met equitably and ecological limits 

are respected [17]. The IPCC Sixth Assessment Report 

introduced sufficiency for the first time as a primary 

mitigation measure in the building sector, estimating 

that sufficiency measures could contribute a 10% 

reduction in global building emissions by 2050 [42]. 

Erba and Pagliano provide the most direct 

engagement with sufficiency in the PED context [43]. 

Their analysis of the Chiaravalle district in Milan 

demonstrates that achieving a positive energy balance 

within a dense urban fabric is infeasible through 

efficiency and renewable energy generation alone. The 

incorporation of sufficiency options is shown to be a 

necessary condition, rather than a supplementary 

addition, for reaching the positive energy target in such 

contexts. This result carries significant implications for 

PED planning: in urban typologies characterised by high 

density and limited renewable generation potential, 

sufficiency strategies are required to close the energy 

balance gap [44]. 

A conceptual distinction should be made between 

three interpretive currents in the sufficiency literature: 

sufficiency as individual voluntary self-moderation; 

sufficiency as socially facilitated practice change; and 

sufficiency as state-regulated consumption limits 

accompanied by democratic deliberation [45]. For PED 

implementation, the second current is most directly 

applicable: design choices at the district scale constitute 

structural enablers of sufficiency that function 

independently of individual motivation [17]. This 

framing is critical for PED planning because it positions 

sufficiency not as a demand for individual sacrifice but 

as a design criterion embedded in urban and building 

systems. Sufficiency actions were incorporated into its 

energy scenario modelling for the first time, signalling 

the transition of sufficiency from academic discourse 

into mainstream policy analysis [46]. 

Empirical cases from high-income contexts suggest 

that per-capita floor area reductions of roughly 30–50% 

can be achieved without losses in housing quality or life-

satisfaction when shared communal infrastructure 

substitutes for reduced private space [47]. This is 

particularly relevant given the marked disparity between 

average per-capita floor area in Europe of around 40 m² 

and around 90 m² in North America, implying 

significant scope for convergence through sufficiency-

oriented design and policy. At district scale, mixed-use 

zoning, colocation of services and shared communal 

amenities are highlighted as enablers that reduce total 

conditioned floor area per resident served [33]. 

Replacing individually owned domestic appliances 

and private-use spaces with shared communal 

alternatives can lower per-capita energy demand while 
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maintaining the same level of service for residents [43]. 

At district scale, shared laundries, communal co-

working areas, shared vehicle fleets, and collective food 

storage have been identified as practical sufficiency 

measures, with shared laundry facilities potentially 

cutting the washing-related energy demand per 

household due to higher utilization rates and a greater 

likelihood of deploying high-efficiency equipment [33]. 

Similarly, collective mobility hubs that combine shared 

electric vehicles, cargo bikes and strong public-transport 

integration can reduce per-capita transport energy use 

by about 35% relative to individual car ownership [48]. 

Developments such as Vauban and Hammarby Sjöstad 

are frequently cited as PED-adjacent exemplars where 

shared-facility-oriented design has contributed to 

measurable reductions in per-capita energy demand 

[49]. 

4 Conclusions 

This paper has examined two pillars underpinning the 

successful realisation of Positive Energy Districts 

(PEDs): (i) European legislative and policy framework 

that sets the institutional conditions for PED 

deployment, and (ii) user behaviour and energy 

sufficiency strategies that ultimately determine real-

world energy performance. The key conclusion is that 

these dimensions are structurally interdependent - 

neither alone can deliver the energy, equity, and 

environmental outcomes PEDs require. 

On the regulatory side, the European framework and 

strategic instruments such as REPowerEU and the 

Recovery and Resilience Facility has progressively 

strengthened enabling conditions for district-scale 

energy communities and prosumer participation. These 

instruments provide legal definitions, market access 

rights, permitting simplifications and financing channels 

that move PEDs from conceptual models toward 

implementable projects. However, this review shows 

that regulatory enablement does not, by itself, secure the 

operational performance required for PED designation. 

Demand-side evidence yields three structurally 

significant findings. First, the energy performance gap 

poses a systemic risk to PED energy balance 

calculations that cannot be eliminated through technical 

efficiency measures alone. Second, energy sufficiency 

is not an optional add-on but a necessary condition for 

achieving positive energy balances in dense urban 

settings, where renewable generation potential is limited 

by building density and heritage constraints. Third, 

behavioural and sufficiency interventions are not 

distributionally neutral: impacts vary with building 

stock quality, household socioeconomic characteristics, 

and governance arrangements, reinforcing the need for 

equity-integrated planning that avoids shifting 

disproportionate burdens onto vulnerable groups. 

These findings require practical shifts in PED 

planning and governance: replace deterministic 

occupancy assumptions with stochastic, monitoring-

calibrated behaviour models; design prosumer 

governance around unequal participation capacities by 

making vulnerability impact assessments mandatory; 

and shape policy mixes to limit rebound effects 

alongside efficiency and sufficiency goals. Research 

should prioritise validating behaviour-based district 

simulations, longitudinal evaluation of combined 

sufficiency, efficiency and flexibility strategies in 

operating PEDs, and comparative analysis of 

governance models to identify structures that expand 

participation while safeguarding equity. 
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